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Preface

This monograph sums up studies performed in developing the
relativistic theory of gravity (RTG) and presented in refs. [B], P,
BY, [0, B, [, @, B4, 2, BY, B4, B3, B1l, [3]. Detailed references
to earlier works, that to a certain extent served as scaffolding
in the construction of RTG, are given in the monograph [[L0],
written together with prof. M. A. Mestvirishvili and published
in 1989. Therein, also, critical comments are presented con-
cerning general relativity theory (GRT), which still remain in
force. In order to facilitate reading in section 14 we provide
elements of tensor analysis and Riemannian geometry. As a
rule, we make use of the set of units in which G =c=h = 1.
However, in the final expressions we restore the dependence
on the constants G, ¢, h. Throughout the book, Greek letters
assume values 0,1,2,3, while Latin letters assume —1,2,3.

The creation of this monograph advanced together with
the completion of studies of individual issues, so it inevitably
contains recurrences, especially concerning such issues that are
important for understanding the essence of both RTG and
GRT.

The hypothesis underlying RTG asserts that the gravita-
tional field, like all other physical fields, develops in Minkowski
space, while the source of this field is the conserved energy-
momentum tensor of matter, including the gravitational field
itself. This approach permits constructing, in a unique man-
ner, the theory of the gravitational field as a gauge theory.
Here, there arises an effective Riemannian space, which lit-
erally has a field nature. In GRT the space is considered to
be Riemannian owing to the presence of matter, so gravity is
considered a consequence of space—time exhibiting curvature.
The RTG gravitational field has spins 2 and 0 and represents a
physical field in the Faraday—Maxwell spirit. The complete set
of RTG equations follows directly from the least action prin-
ciple. Since all physical fields develop in Minkowski space, all
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fundamental principles of physics — the integral conservation
laws of energy—momentum and of angular momentum — are
strictly obeyed in RTG. In the theory the Mach principle is
realized: an inertial system is determined by the distribution
of matter. Unlike GRT, acceleration has an absolute sense.
Inertial and gravitational forces are separated, and they differ
in their nature. The theory, unlike GRT, provides a unique
explanation for all gravitational effects in the Solar system.
GRT does not comply with the equivalence principle,
does not explain the equality of the inert and active
gravitational masses, and gives no unique prediction
for gravitational effects. It does not contain the usual
conservation laws of energy—momentum and of angu-
lar momentum of matter.

It should be especially noted that the known post-New-
tonian approximation do satisfy the equivalence principle, do
provide a unique description of gravitational effects in the So-
lar system, and also establish the equality between the inertial
and active gravitational masses. However, it does not follow
uniquely from the GRT equations, since its derivation relies on
additional assumptions, that do not follow from the theory, i.e.
a departure occurs beyond the limits of GRT, which is based
on the gravitational field being represented as a physical field,
although this is not so in GRT. Therefore, this approxima-
tion cannot be considered a unique consequence of the GRT
equations. It has rather been guessed, then derived from the
theory, while, according to RT'G, the post-Newtonian approx-
imation follows uniquely from equations of the theory. Thus,
the post-Newtonian approximation, previously applied for the
description of gravitational effects follows directly from our
theory. RTG introduces essential changes into the character
of the development of the Universe and into the collapse of
large masses.

Analysis of the development of a homogeneous and isotropic
Universe within RTG leads to the conclusion that the Universe
is infinite, and that it is “flat”. Its development proceeds cycli-
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cally from a certain maximum density down to a minimum and
so on. Thus, no pointlike Big Bang occurred in the past. There
existed a state of high density and high temperature at each
point in space.

According to RTG, the so-called cosmological “expansion”
of the Universe, observed by the red shift, is explained by
changes in the gravitational field, but not by relative motion
— galaxies escaping from each other, which actually does not
take place. Matter in the Universe is in a state of rest rela-
tive to an inertial coordinate system. The peculiar velocities
of galaxies relative to an inertial system arose owing to a cer-
tain structure of the inhomogeneity of the distribution of mat-
ter during the period, when the Universe became transparent.
This means that in the past the distance between galaxies was
never zero. The theory predicts the existence in the Universe
of a large hidden mass of “dark matter”. According to RGT,
“black holes” cannot exist: a collapsing star cannot disappear
beyond its gravitational radius. Objects with large masses can
exist, and they are characterized not only by mass, but also
by a distribution of matter density. Since, in accordance with
GRT, objects with masses exceeding three solar masses trans-
form, at the conclusive stage of their evolution, into “black
holes”, an object found to have a large mass is usually at-
tributed to “black holes”. Since RTG predictions concerning
the behaviour of large masses differ essentially from GRT pre-
dictions, observational data of greater detail are required for
testing the conclusions of theory. Thus, for example, in RTG
spherically symmetric accretion of matter onto a body of large
mass, that is at its conclusive stage of evolution (when the nu-
clear resources are exhausted), will be accompanied by a sig-
nificant release of energy owing to the fall of matter onto the
body’s surface, while in GRT the energy release in the case of
spherically symmetric accretion of matter onto a “black hole”
is extremely small, since the falling matter takes the energy
with it into the “black hole”. Observational data on such ob-
jects could answer the question whether “black holes” exist in
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Nature, or not. Field concepts of gravity necessarily require in-
troduction of the graviton rest mass, which can be determined
from observational data: the Hubble “constant” and the decel-
eration parameter q. According to the theory, the parameter
g can only be positive, at present, i.e. deceleration of “ex-
pansion” of the Universe takes place, instead of acceleration.
For this reason, the latest observational data on acceleration
of the “expansion” must be checked carefully, since the con-
clusions of theory concerning “deceleration” follow from the
general physical principles mentioned above.
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spiritual support as well as valuable advice that stimulated the
research.

[ am grateful to Providence for my wife Anna Nikolaevna,
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I take advantage of the occasion to express my deep grati-
tude to professors S.S. Gershtein, V.I. Denisov, Yu.M. Losku-
tov, to associate professor A.A. Vlasov and Candidate of phy-
sics and mathematics Yu.V. Chugreev for common work and
for numerous discussions of the problems at issue. I am also
grateful to professors V.A. Petrov, N.E.Tyurin, A.A. Tyapkin
and O.A. Khrustalev for useful discussions.

I express profound gratitude to acad. A.M. Baldin, corre-
sponding member of RAS S.S. Gershtein and prof. M.A. Mest-
virishvili, who read the entire manuscript and made a number
of valuable advices and comments.

A.A. Logunov
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Introduction

Since construction of the relativistic theory of gravity (RTG) is
based on special relativity theory (SRT), we shall deal with the
latter in greater detail and in doing so we shall examine both
the approach of Henri Poincaré and that of Albert Einstein.
Such an analysis will permit a more profound comprehension
of the difference between these approaches and will make it
possible to formulate the essence of relativity theory.

In analyzing the Lorentz transformations, H. Poincaré sho-
wed that these transformations, together with all spatial ro-
tations, form a group that does not alter the equations of
electrodynamics. Richard Feynman wrote the following about
this: “Precisely Poincaré proposed investigating what could be
done with the equations without altering their form. It was
precisely his idea to pay attention to the symmetry properties
of the laws of physics”8. H.Poincaré did not restrict himself to
studying electrodynamics; he discovered the equations of rel-
ativistic mechanics and extended the Lorentz transformations
to all the forces of Nature. Discovery of the group, termed
by H.Poincaré the Lorentz group, made it possible for him
to introduce four-dimensional space-time with an invariant
subsequently termed the interval

do? = (dX°)? — (dX1)? — (dX?)? — (dX3)?.  (a)

Precisely from the above it is absolutely clear that time and
spatial length are relative.

Later, a further development in this direction was made by
Herman Minkowski, who introduced the concepts of timelike
and spacelike intervals. Following H.Poincaré and H.Minkow-
ski exactly, the essence of relativity theory may be formulated
thus: all physical phenomena proceed in space—time,
the geometry of which is pseudo-Euclidean and is de-
termined by the interval («). Here it is important to em-

'R.Feynman. The character of physical laws. M.:Mir, 1968, p.97.



phasize, that the geometry of space-time reflects those
general dynamic properties, that represent just what
makes it universal. In four-dimensional space (Minkowski
space) one can adopt a quite arbitrary reference frame

X7 = f(a).
realizing a mutually unambiguous correspondence with a Ja-
cobian differing from zero. Determining the differentials

_op

XY =
d Ozt

dxt |
and substituting these expressions into («) we find

do® = v,,(z)dz"dx" |, where

afeofe
Yu(x) = G”aiu 0£” , 60 =(1,-1,—-1,-1) . (8)

It is quite evident that the transition undergone to an ar-
bitrary reference system did not lead us beyond the limits of
pseudo-Euclidean geometry. But hence it follows that non-
inertial reference systems can also be applied in SRT. The
forces of inertia arising in transition to an accelerated refer-
ence system are expressed in terms of the Christoffel symbols of
Minkowski space. The representation of SRT stemming from
the work of H.Poincaré and H.Minkowski was more general
and turned out to be extremely necessary for the construction
of SRT, since it permitted introduction of the metric tensor
Yu(x) of Minkowski space in arbitrary coordinates and thus
made it possible to introduce in a covariant manner the grav-
itational field, upon separation of the forces of inertia from
gravity.

From the point of view of history it must be noted that
in his earlier worksH, “The measurement of time” and “The

2H.Poincaré. The principle of relativity. M.:Atomizdat, 1973, pp.19,
33.
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present and future of mathematical physics”, H.Poincaré dis-
cussed in detail issues of the constancy of the velocity of light,
of the simultaneity of events at different points of space deter-
mined by the synchronization of clocks with the aid of a light
signal. Later, on the basis of the relativity principle, which he
formulated in 1904 for all physical phenomena, as well as on
the work published by H.Lorentz the same year, H.Poincaré
discovered a transformation group in 1905 and termed
it the Lorentz group. This permitted him to give the
following essentially accurate formulation of the rela-
tivity theory: the equations of physical processes must
be invariant relative to the Lorentz group. Precisely
such a formulation was given by A.Einstein in 1948: “With
the aid of the Lorentz transformations the special principle of
relativity can be formulated as follows: The laws of Nature are
invariant relative to the Lorentz transformation (i.e. a law
of Nature should not change if it is referred to a new inertial
reference émme with the aid of the Lorentz transformation for
x,y,z,t)" B,

The existence of a group of coordinate-time transforma-
tions signifies that there exists an infinite set of equivalent
(inertial) reference frames related by the Lorentz transforma-
tions. From the invariance of equations it follows, in a trivial
manner, that physical equations in the reference frames = and
2', related by the Lorentz transformations, are identical. But
this means that any phenomenon described both in x and 2/
reference systems under identical conditions will yield identi-
cal results, i.e. the relativity principle is satisfied in a triv-
ial manner. Certain, even prominent, physicists understood
this with difficulty not even long ago, while others have not
even been able to. There is nothing strange in this fact, since
any study requires certain professionalism. What is surprising
is the following: they attempt to explain their incomprehen-

3Einstein A. Collection of scientific works, Moscow: Nauka, 1966,
vol.2, art.133, p.660.
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sion, or the difficulty they encountered in understanding, by
H.Poincaré allegedly “not having taken the decisive step”, “not
having gone to the end”. But these judgements, instead of the
level of the outstanding results achieved by H.Poincaré in rel-
ativity theory, characterize their own level of comprehension
of the problem.

Precisely for this reason W.Pauli wrote the following in
1955 in connection with the 50-th anniversary of relativity
theory: “Both Finstein and Poincaré relied on the preparatory
works performed by H.A.Lorentz, who was very close to the
final result, but was not able to take the last decisive step. In
the results, obtained by Einstein and Poincaré independently
of each other, being identical I see the profound meaning of the
harmony in the mathematical method and analysis performed
with the aid of thought experiments and based on the entire set
of data of physical experiments”t.

Detailed investigation by H.Poincaré of the Lorentz group
invariants resulted in his discovery of the pseudo-Euclidean
geometry of space-time. Precisely on such a basis, he estab-
lished the four-dimensionality of physical quantities: force, ve-
locity, momentum, current. H.Poincaré’s first short work ap-
peared in the reports of the French Academy of sciences before
A .Einstein’s work was even submitted for publication. That
work contained an accurate and rigorous solution of the prob-
lem of electrodynamics of moving bodies, and at the same time
it extended the Lorentz transformations to all natural forces,
of whatever origin they might be. Very often many historians,
and, by the way, physicists, also, discuss priority issues. A very
good judgement concerning this issue is due to academicians
V.L.Ginzburg and Ya.B.Zel’dovich, who in 1967 wrote: “ Thus,
no matter what a person has done himself, he cannot claim

4W Pauli. Essays in physics. M.:Nauka, 1975, p.189.
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priority, iof it later becomes known that the same result was
obtained earlier by others’ .

A . Einstein proceeded toward relativity theory from an anal-
ysis of the concepts of simultaneity and of synchronization for
clocks at different points in space on the basis of the principle
of constancy of the velocity of light. jjFach ray of light travels
in a reference frame at “rest” with a certain velocity V, inde-
pendently of whether this ray of light is emitted by a body at
rest or by a moving body.j But this point cannot be consid-
ered a principle, since it implies a certain choice of reference
frame, while a physical principle should clearly not depend
on the method of choosing the reference frame. In essence,
A FEinstein accurately followed the early works of H.Poincaré.
However, within such an approach it is impossible to arrive at
non-inertial reference frames, since in such reference frames it
is impossible to take advantage of clock synchronization, so the
notion of simultaneity loses sense, and, moreover, the velocity
of light cannot be considered constant.

In a reference frame undergoing acceleration the proper
time d7, where

3 adl’a 7
do? = dr? — sydaida®, dr = T9TT | g = —yy 4 20

1/ 00 Yoo

is not a complete differential, so the synchronization of clocks
at different points in space depends on the synchronization
path. This means that such a concept cannot be applied for
reference frames undergoing acceleration. It must be stressed
that the coordinates in expression (/3) have no metric meaning,
on their own. Physically measurable quantities must be con-
structed with the aid of coordinates and the metric coefficients
Y- But all this remained misunderstood for a long time in
SRT, since it was usual to adopt A.Einstein’s approach, in-
stead of the one of H.Poincaré and H.Minkowski. Thus, the

5V.L.Ginzburg, Ya.B.Zel’dovich. Familiar and unfamiliar Zel’dovich.
M.:Nauka, 1993, p.88.
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starting points introduced by A.Einstein were of an exclusively
limited and partial nature, even though they could create an
illusion of simplicity. It was precisely for this reason that even
in 1913 A.Einstein wrote: “In usual relativity theory only lin-
ear orthogonal transformations are permitted”8. Or somewhat
later, in the same year, he writes: “In the original relativity
theory the independence of physical equations of the specific
choice of reference system is based on postulating the funda-
mental invariant ds*> = Y dx?, while now the issue consists
in constructing a theory (general relativity theory is implied —
A.L.), in which the role of the fundamental invariant is per-
formed by a linear element of the general form

ds? = Zgikd:)s"dxk 7 EI

ik

A Einstein wrote something similar in 1930: “In special rel-
ativity theory only such coordinate changes (transformations)
are allowed that provide for the quantity ds* (a fundamental
invariant) in the new coordinates having the form of the sum
of square differentials of the new coordinates. Such transfor-
mations are called Lorentz transformations”8.

Hence it is seen that the approach adopted by A.Einstein
did not lead him to the notion of space-time exhibiting a
pseudo-Euclidean geometry. A comparison of the approaches
of H.Poincaré and A.Einstein to the construction of SRT clearly
reveals H.Poincaré’s approach to be more profound and gen-
eral, since precisely H.Poincaré had defined the pseudo-Eu-
clidean structure of space-time. A.Einstein’s approach essen-
tially restricted the boundaries of SRT, but, since the exposi-
tion of SRT in the literature usually followed A.FEinstein, SRT

SEinstein A. Collection of scientific works. Moscow: Nauka, 1965,
vol.1, art.21, p.232.

"Einstein A. Collection of scientific works, Moscow: Nauka, 1965,
vol.1, art.22,p.269.

8Einstein A. Collection of scientific works, Moscow: Nauka, 1966,
vol.2, art.95, p.281.
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was quite a long time considered valid only in inertial reference
systems. Minkowski space was then treated like a useful geo-
metric interpretation or like a mathematical formulation of the
principles of SRT within the approach of Einstein. Let us now
pass over to gravity. In 1905 H.Poincaré wrote: “... that forces
of whatever origin, for example, the forces of gravity, behave
in the case of uniform motion (or, if you wish, under Lorentz
transformations) precisely like electromagnetic forces”a. This
is precisely the path we shall follow.

A Einstein, having noticed the equality of inertial and grav-
itational masses, was convinced that the forces of inertia and
of gravity are related, since their action is independent of a
body’s mass. In 1913 he arrived at the conclusion that, if in
expression () “... we introduce new coordinates Ty, To, T3, T4,
with the aid of some arbitrary substitution, then the motion
of a point relative to the new reference frame will proceed in
accordance with the equation

6{/ds}:0,

and
ds® = Zguydx“dm” J
oV

and he further pointed out: jjThe motion of a material point in
the new reference system is determined by the quantities g,
which in accordance with the preceding paragraphs should be
understood as the components of the gravitational field, as soon
as we decide to consider this new system to be “at rest”;;H.
Identifying in such a manner the metric field, obtained
from (o) with the aid of coordinate transformations,
and the gravitational field is without physical grounds,
since transformations of coordinates do not lead us
beyond the framework of pseudo-Euclidean geometry.

9H.Poincaré. Special relativity principle. M.:Atomizdat, 1973, p.152.
OEinstein A. Collection of scientific works, Moscow: Nauka, 1965,
vol.1, art.23, p.286.
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From our point of view, it is not permitted to consider such
a metric field as the gravitational field, since this contradicts
the very essence of the concept of a field as a physical reality.
Therefore, it is impossible to agree with the following reasoning
of A.Einstein: jjThe gravitational field “exists” with respect to
the system K' in the same sense as any other physical quantity
that can be defined in a certain reference system, even though
it does not exist in system K. There is nothing strange, here,
and it may be readily demonstrated by the following example
taken from classical mechanics. Nobody doubts the “reality”
of kinetic energy, since otherwise it would be necessary to re-
nounce enerqgy in general. It is clear, however, that the kinetic
energy of bodies depends on the state of motion of the reference
system: by an appropriate choice of the latter it is evidently
possible to provide for the kinetic energy of uniform motion
of a certain body to assume, at a certain moment of time, a
given positive or zero value set beforehand. In the special case,
when all the masses have equal in value and equally oriented
velocities, it is possible by an appropriate choice of the refer-
ence system to make the total kinetic energy equal to zero. In
my opinion the analogy is completessH.

As we see, Einstein renounced the concept of a classical
field, such as the Faraday—Maxwell field possessing density of
energy-momentum, in relation to the gravitational field. Pre-
cisely this path led him up to the construction of GRT, to
gravitational energy not being localizable, to introduction of
the pseudotensor of the gravitational field. If the gravitational
field is considered as a physical field, then it, like all other
physical fields, is characterized by the energy-momentum ten-
sor t"¥. If in some reference frame, for instance, K’, there ex-
ists a gravitational field, this means that certain components
(or all of them) of the tensor ¢t differ from zero. The tensor
t* cannot be reduced to zero by a coordinate transformation,

HEinstein A. Collection of scientific works, Moscow: Nauka, 1965,
vol.1, art.46, p.620.
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i..e, if a gravitational field exists, then it represents a physical
reality, and it cannot be annihilated by a choice of reference
system. It is not correct to compare such a gravitational field
with kinetic energy, since the latter is not characterized by a
covariant quantity. It must be noted that such a comparison
is not admissible, also, in GRT), since the gravitational field in
this theory is characterized by the Riemann curvature tensor.
If it differs from zero, then the gravitational field exists, and
it cannot be annihilated by a choice of reference system, even
locally.

Accelerated reference systems have played an important
heuristic role in A.Einstein’s creative work, although they have
nothing to do with the essence of GRT. By identifying accel-
erated reference systems to the gravitational field, A.Einstein
came to perceive the metric space-time tensor as the principal
characteristic of the gravitational field. But the metric ten-
sor reflects both the natural properties of geometry and the
choice of reference system. In this way the possibility arises of
explaining the force of gravity kinematically, by reducing it to
the force of inertia. But in this case it is necessary to renounce
the gravitational field as a physical field. “Gravitational fields
(as A.Einstein wrote in 1918) may be set without introducing
tensions and energy density. 7. But that is a serious loss,
and one cannot consent to it. However, as we shall further
see, this loss can be avoided in constructing RTG.

Surprisingly, even in 1933 A.Einstein wrote: jjIn special
Relativity theory — as shown by H.Minkowski — this metric
was quasi-Fuclidean, i.e. the square “length” ds of a linear ele-
ment represented a certain quadratic function of the coordinate
differentials. If, on the other hand, new coordinates are intro-
duced with the aid of a linear transformation, then ds* remains
a homogeneous function of the coordinate differentials, but the
coefficients of this function (g,,) will no longer be constant,

12Einstein A. Collection of scientific works, Moscow: Nauka, 1965,
vol.1, art.47, p.627.
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but certain functions of the coordinates. From a mathematical
point of view this means that the physical (four-dimensional)
space possesses a Riemannian metricy .

This is certainly wrong, since a pseudo-Euclidean metric
cannot be transformed into a Riemannian metric by transfor-
mation of the coordinates. But the main point, here, con-
sists in something else, namely, in that in this way, thanks to
his profound intuition, A.Einstein arrived at the necessity of
introducing precisely Riemannian space, since he considered
the metric tensor g, of this space to describe gravity. This
was essentially how the tensor nature of gravity was revealed.
The unity of the Riemannian metric and gravity is the main
principle underlying general relativity theory. V.A.Fock wrote
about this principle: “... precisely this principle represents
the essence of Einstein’s theory of gravity”. From a general
point of view, however, the answer to the following question
still remains unclear: why is it necessary to relate gravity pre-
cisely to Riemannian space, and not to any other.

The introduction of Riemannian space permitted using the
scalar curvature R as the Lagrangian function and, with the
aid of the least action principle, to obtain the Hilbert—Einstein
equation. Thus, the construction of Einstein’s general relativ-
ity theory was completed. Here, as particularly stressed by
J.L.Synge: “In Finstein’s theory the presence or absence of a
gravitational field depends on whether the Riemann tensor dif-
fers from or equals to zero. This is an absolute property, which
s in no way related to the world line of any observer”.

In GRT, however, difficulties arose with the conservation
laws of energy-momentum and angular momentum. D.Hilbert
wrote in this connection: “... [ claim that within general rel-

13Einstein A. Collection of scientific works, Moscow: Nauka, 1966,
vol.2, art.110, p.405.

14V A Fock. Theory of space, time and gravity. M.:Gostekhizdat,
1961, p.308.

5] L.Synge. Relativity: the general theory. M.:Foreign literature
publishers, 1963, p.9.
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atiwity theory, i.e. 1in the case of general invariance of the
Hamiltonian function, there definitely exist no energy equa-
tions ... corresponding to the energy equations in orthogonal-
mvariant theories, I could even point to this circumstance as
a characteristic feature of general relativity theory”@. All the
above is explained by the absence in Riemannian space of the
ten-parameter group of motion of space-time, so it is essen-
tially impossible to introduce energy-momentum and angular
momentum conservation laws, similar to those that hold valid
in any other physical theory.

Another feature peculiar to GRT, as compared to known
theories, consists in the presence of second-order derivatives
in the Lagrangian function R. About fifty years ago Nathan
Rosen demonstrated that if, together with the Riemannian
metric g,, one introduces the metric v, of Minkowski space,
then it becomes possible to construct the scalar density of the
Lagrangian of the gravitational field, which will not contain
derivatives of orders higher than one. Thus, for example, he
constructed such a density of the Lagrangian which led to the
Hilbert-FEinstein equations. Thus came into being the bimetric
formalism. However, such an approach immediately compli-
cated the problem of constructing a theory of gravity, since,
when using the tensors g,, and 7,,, one can write out a large
number of scalar densities, and it is absolutely not clear which
scalar density must be chosen as the Lagrangian density for
constructing the theory of gravity. Although the GRT math-
ematical apparatus does permit introducing, instead of ordi-
nary derivatives, covariant derivatives of Minkowski space, the
metric v, not being present in the Hilbert-Einstein equations
renders its utilization in GRT devoid of any physical meaning,
because the solutions for the metric g, are independent of the
choice of v,,. It must be noted that substitution of covariant
derivatives for ordinary derivatives in Minkowski space leaves
the Hilbert-Einstein equations intact. This is explained by

16V P.Vizgin. Relativistic theory of gravity. M.:Nauka, 1981, p.319.
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the fact that, if in Minkowski space one substitutes covariant
derivatives for ordinary ones in the Riemann curvature tensor,
it will not change. Such a substitution in the Riemann tensor
is nothing, but an identical transformation. Precisely for this
reason such a freedom in writing out the Riemann tensor can-
not be taken as an advantage within the framework of GRT,
since the metric tensor of Minkowski space does not enter into
the Hilbert-Einstein equations.

In constructing RTG, this freedom in writing the Riemann
tensor turns out to be extremely necessary. But in this case
the metric of Minkowski space enters into the equations of
the gravitational field, and the field itself is considered as a
physical field in Minkowski space. In GRT we only deal with
the metric of Riemannian space as the main characteristic of
gravity, in which both the features of geometry itself and the
choice of reference frame are reflected. When the gravitational
interaction is switched off, i.e. when the Riemann curvature
tensor equals zero, we arrive at Minkowski space. It is precisely
for this reason that in GRT the problem arises of satisfying
the equivalence principle, since it is impossible to determine
in which reference frame (inertial or accelerated) we happened
to be when the gravitational field was switched off.

The relativistic theory of gravity, presented in this work is
constructed as a field theory of the gravitational field within
the framework of special relativity theory. The starting point
is the hypothesis that the energy-momentum tensor — which
is a universal characteristic of matter — serves as the source of
gravity. The gravitational field is considered to be a universal
physical field with spins 2 and 0, owing to the action of which
the effective Riemannian space arises. This permits to find the
gauge group and to construct unambiguously the Lagrangian
density of the gravitational field. The set of equations of this
theory is generally covariant and form-invariant with respect
to the Lorentz group. Here, it is necessary in the theory to
introduce the graviton mass. The graviton mass essentially in-
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fluences the evolution of the Universe and alters the character
of the gravitational collapse.

The goal of this work is a further development of the ideas
by H.Poincaré, H.Minkowski, A.Einstein, D.Hilbert, N.Rosen,
V.A.Fock, S.Gupta, V.Thirring, R.Feynman, S.Weinberg in
the domain of theory of relativity and gravity.



1. The geometry of space-time

In Chapter II, “Space and time”, of his book “Recent ideas”,
H.Poincaré wrote: “The principle of physical relativity may
serve for defining of space. It can be said to provide us with
a novel instrument for measurement. I shall explain. How
can a solid body serve for measuring or, to be more correct,
for constructing space? The point is the following: in trans-
ferring a solid body from one place to another we, thus, note
that it can be first applied to one figure, then to another, and
we conventionally agree to consider these figures equal to each
other. Geometry originated from this convention. Geometry is
nothing but a science of mutual interrelationships between such
transformations or, speaking in the mathematical language, a
science of the structure of the group formed by these transfor-
mations, i.e. of the group of motions of solid bodies.

Now, consider another group, the group of transformations
not altering our differential equations. We arrive at a new way
for defining the equality between two figures. We no longer
say: two figures are equal, if one and the same solid body can
be applied to both one and the other figures. We shall say: two
figures are equal, when one and the same mechanical system,
so distant from its neighbours that it may be considered iso-
lated, being first thus situated so its material points reproduce
the first figure, and then so they reproduce the second figure,
behaves in the second case precisely like in the first. Do these
two approaches differ in essence? No.

A solid body represents a mechanical system, just like any
other. The only difference between the previous and the new
definitions of space consists in that the latter is broader, since
it allows substitution of any mechanical system for the solid
body. Moreover, our new convention not only defines space,
but time, also. It provides us with an explanation of what are
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two equal time intervals or of what is represented by a time
interval twice as long as another”&.

Precisely in this way, by discovering the group of transfor-
mations not altering the Maxwell-Lorentz equations, H.Poin-
caré introduced the notion of four-dimensional space-time ex-
hibiting pseudo-Euclidean geometry. This concept of geometry
was later developed by H.Minkowski.

We have chosen the pseudo-Euclidean geometry of space-
time as the basis of the relativistic theory of gravity presently
under development, since it is the fundamental Minkowski
space for all physical fields, including the gravitational field.
Minkowski space cannot be considered to exist a priori, since
it reflects the properties of matter and, hence, cannot be sep-
arated from it. Although formally, precisely owing to the
structure of space being independent of the form of matter,
it is sometimes dealt with abstractly, separately from mat-
ter. In Galilean coordinates of an inertial reference system in
Minkowski space, the interval that characterizes the structure
of geometry and that is an invariant by construction, has the
form

do? = (dz°)? — (dz')? — (do*)? — (dz®)? .

Here dx” represent differentials of the coordinates. In spite of
the fact that the interval do, as a geometric characteristic of
space-time, is independent of the choice of reference system,
which is due to its very construction, one can still encounter
in modern text-books on theoretical physics (see, for instance,
Ref. [H]) “proofs” of the interval being the same in all inertial
reference systems although it is an invariant and is indepen-
dent of the choice of reference system.

Even such an outstanding physicist as L.I.Mandelstam
wrote in his book [[7]: “... special relativity theory cannot an-
swer the question, how a clock behaves when moving with ac-
celeration and why it slows down, because it does not deal with
reference systems moving with acceleration”. The incorrect as-

1"H.Poincaré. On science. M.:Nauka, 1938, p.427.
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sertions in [27, [[9, 0, BO] can be explained by Minkowski space
being considered by many people to be only some formal geo-
metrical interpretation of SRT within A.Einstein’s approach,
instead of a revelation of the geometry of space-time. The
issues of such limited concepts as the constancy of the speed
of light, the synchronization of clocks, the speed of light be-
ing independent of the motion of its source became the most
discussed topics. All this narrowed the scope of SRT and re-
tarded the understanding of its essence. And its essence
actually consists only in that the geometry of space-
time, in which all physical processes occur, is pseudo-
Euclidean.

In an arbitrary reference system the interval assumes the
form

do® = 7y, (z)dz"dz"

Y () is the metric tensor of Minkowski space. We note that
one cannot, in principle, speak of the synchronization of clocks
or of the constancy of the speed of light in an non-inertial
reference system [[. Most likely, precisely the lacking clarity
on the essence of SRT led A.Einstein to concluding: “that
within the framework of special relativity theory there is no
place for a satisfactory theory of gravity”X. Free motion of a
test body in an arbitrary reference system takes place along a
geodesic line of Minkowski space:

DU B dUuv
do  do

14
where U" :% , Vap(x) are Christoffel symbols defined by

the expression

v 1 vo
f)/aﬁ(x) = 57 (aafYﬁcr + 8ﬁ7ao - 807(16) .

BEinstein A. Collection of scientific works. Moscow: Nauka, 1967,
vol.4, art.76, p.282.
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In 1921, in the article “Geometry and experiment”, A. Ein-
stein wrote: “The issue of whether this continuum has an Eu-
clidean, Riemannian or any other structure is a physical is-
sue, which can only be settled by experiment, and not an issue
of convention concerning a choice of simple expedience...” K.
This is, naturally, correct. But there immediately arises a
question: what experiment? There may exist quite many ex-
perimental facts. Thus, for example, it is possible, in principle,
by studying the motion of light and of test bodies, to establish
unambiguously the geometry of space-time. Must a physical
theory be based on it? At first sight, the answer to this ques-
tion could be positive. And the issue would seem settled. Pre-
cisely such was the path that A.Einstein took in constructing
GRT. Test bodies and light move along geodesic lines of Rie-
mannian space-time. So he based the theory on Riemannian
space. However, the situation is much more complex. All types
of matter satisfy conservation laws of energy-momentum and
of angular momentum. Precisely these laws, that originated
from a generalization of numerous experimental data, charac-
terize the general dynamic properties of all forms of matter by
introducing universal characteristics permitting quantitative
description of the transformation of some forms of matter into
others. And all this also represents experimental facts, which
have become fundamental physical principles. What should
be done with them? If one follows A.Einstein and retains Rie-
mannian geometry as the basis, then they must be discarded.
That price would be too high. It is more natural to retain them
for all physical fields, including the gravitational field. But, in
this case, theory must, then, be based on Minkowski space,
i.,e. on the pseudo-Euclidean geometry of space-time. We
have adopted precisely this approach, following H.Poincaré.
The fundamental principles of physics, that reflect the nu-
merous available experimental facts, indicate what geometry

YEinstein A. Collection of scientific works. Moscow: Nauka, 1965,
vol.2, art.61, p.87.
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of the space-time it is actually necessary to use as the ba-
sis of gravity theory. Thus, the issue of the structure of the
space-time geometry is actually a physical issue, that should
be resolved by experiment, and, from our point of view, the
structure of the geometry of space-time is not determined by
specific experimental data on the motion of test bodies and
of light, but by fundamental physical principles based on the
entire set of existing experimental facts. It is precisely here
that our initial premises for constructing the theory of gravity
differ completely from the ideas applied by A.Einstein as the
basis of GRT. But they are fully consistent with the ideas of
H.Poincaré.

We have chosen the pseudo-Euclidean geometry of space-
time as the basis of the relativistic theory of gravity, but that
certainly does not mean that the effective space will also be
pseudo-FEuclidean. The influence of the gravitational field may
be expected to lead to a change in the effective space. We
shall deal with this issue in detail in the next section. The
metric of Minkowski space permits introducing the concepts
of standard length and time intervals, when no gravitational
field is present.



2. The energy-momentum tensor of
matter as the source of the
gravitational field

Owing to the existence in Minkowski space of the Poincaré ten-
parameter group of motion, there exist for any closed physical
system ten integrals of motion, i.e. the conservation laws of
energy-momentum and angular momentum hold valid. Any
physical field in Minkowski space is characterized by the den-
sity of the energy-momentum tensor t*”, which is a general
universal characteristic of all forms of matter that satisfies
both local and integral conservation laws. In an arbitrary ref-
erence system the local conservation law is written in the form

Dt = 0" + 444t =0 .

Here t*¥ is the total conserved density of the energy-momentum
tensor for all the fields of matter; D, represents the covariant
derivative in Minkowski space. Here and further we shall al-
ways deal with the densities of scalar and tensor quantities
defined in accordance with the rule

d=V"70, ¢ = /=", v = det() -

The introduction of densities is due to an invariant volume el-
ement in Minkowski space being determined by the expression

\% —7d4$ >

while an invariant volume element in Riemannian space is
given by the expression

V—gd'z g = det(g,) -
Therefore, the principle of least action assumes the form
5525/Ld4x:0,
27



where L is the scalar density of the Lagrangian of matter. In
deriving Euler’s equations with the aid of the principle of least
action we shall automatically have to deal precisely with the
variation of the Lagrangian density. According to D.Hilbert,
the density of the energy-momentum tensor t*” is expressed
via the scalar density of the Lagrangian L as follows:

0L

pr — _9 02
0V

(2.1)

where

oL _ 0L, (9L O
67/“/ - af}/uy o af}/uma ) 7}11170' - axo_ .

Owing to gravity being universal, it would be nat-
ural to assume the conserved density of the energy-
momentum tensor of all fields of matter, t**, to be
the source of the gravitational field. Further, we shall
take advantage of the analogy with electrodynamics, in which
the conserved density of the charged vector current serves as
the source of the electromagnetic field, while the field itself is
described by the density of the vector potential A:

A = (4, A) .

In the absence of gravity, Maxwell’s equations of electrody-
namics will have the following form in arbitrary coordinates:

Y DaDg A" + p2 A" = 4nj,
D, A" =0,

Here, for generalization we have introduced the parameter p,
which, in the system of units ~ = ¢ = 1 is the photon rest
mass.

Since we have decided to consider the conserved density of
the energy-momentum ¢ to be the source of the gravitational
field, it is natural to consider the gravitational field a tensor
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field and to describe it by the density of the symmetric tensor

o
P = A,

and in complete analogy with Maxwell’s electrodynamics the

equations for the gravitational field can be written in the form

DD 4 A = M (2.2
D" =0. (2.3)

Here )\ is a certain constant which, in accordance with the
principle of correspondence to Newton’s law of gravity, should
be equal to 16m. Equation (2.3) excludes spins 1 and (', only
retaining those polarizational properties of the field, that cor-
respond to spins 2 and 0.

The density of the energy-momentum tensor of matter ¢t#”
consists of the density of the energy-momentum tensor of the
gravitational field, £, and of the energy-momentum tensor of
matter, tj;. We understand matter to comprise all the fields
of matter, with the exception of the gravitational field,

th = ghy

The interaction between the gravitational field and matter is
taken into account in the density of the energy-momentum
tensor of matter, t};.

Back in 1913 A.Einstein wrote B§: “... the tensor of the
gravitational field ¥, is the source of a field together with the
tensor of material systems ©,,. The energy of the gravita-
tional occupying a special position as compared with all other
forms of energy would result in inadmissible consequences”
2§]. We have adopted precisely this idea of A.Einstein as the
basis for constructing the relativistic theory of gravity (RTG).
In constructing general relativity theory (GRT) A.Einstein
was not successful, since instead of the energy-momentum ten-
sor of the gravitational field there arose in GRT the pseu-
dotensor of the gravitational field. All this happened because
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A . Einstein did not consider the gravitational field a physical
field (such as the Faraday—Maxwell field) in Minkowski space.
Precisely for this reason the equations of GRT do not con-
tain the metric of Minkowski space. From equations (2.2) it
follows that they will also be non-linear for the gravitational
field proper, since the density of the tensor ¢ is the source of
the gravitational field.

Equations (2.2) and (2.3), which we formally declared the
equations of gravity by analogy with electrodynamics, must
be derived from the principle of least action, since only in
this case we will have an explicit expression for the density
of the energy-momentum tensor of the gravitational field and
of the fields of matter. But, to this end it is necessary to
construct the density of the Lagrangian of matter and of the
gravitational field. Here it is extremely important to realize
this construction on the basis of general principles. Only in
this case one can speak of the theory of gravity. The initial
scalar density of the Lagrangian of matter may be written in
the form

L = Lg(%wu (5,11«1/) + LM(/-V,LLIM (ﬁwju ¢A) 9

here L, is the density of the Lagrangian of the gravitational
field; L, is the density of the Lagrangian of the fields of mat-
ter; ¢4 represents the fields of matter.

The equations for the gravitational field and the fields of
matter have, in accordance with the principle of least action,
the form

5L
5o =0 (2.4)
5Ly

m — 0 . (2.5)

Equations (2.4) differ from equations (2.2), first of all, in that
the variational derivative of the density of the Lagrangian
there is the derivative with respect to the field ¢, while the
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variational derivative in equations (2.2) is, in agreement with
definition (2.])), taken from the density of the Lagrangian over
the metric ~,,. For equations (2.4) to reduce to equations (2.2)
for any form of matter it is necessary to assume the tensor den-
sity ¢"” to be always present in the density of the Lagrangian
together with the tensor density ¥*¥ via some common density
g" in the form

G = A 4 gguv’ " = /—gg"™. (2.6)

Thus arises the effective Riemannian space with the
metric ¢"/(z). Since the gravitational field ¢**(z), like
all other physical fields in Minkowski space, can be
described within a sole coordinate map, it is evident
from expression (2.6) that the quantity §*”(x) can also
be fully defined in a sole coordinate map. For descrip-
tion of the effective Riemannian space due to the influence of
the gravitational field, no atlas of maps is required, which is
usually necessary for describing Riemannian space of the gen-
eral form. This means that our effective Riemannian space has
a simple topology. In GRT topology is not simple. Precisely
for this reason, GRT cannot, in principle, be constructed on
the basis of ideas considering gravity a physical gravitational
field in Minkowski space.

If condition (2.6) is taken into account, the density of the
Lagrangian L assumes the form

L= Lg(f}/ul/agwj) + LM(’yw/agw/a ¢A) .

It must be stressed that condition (.4) permits substitut-
ing the variational derivative with respect to g for the vari-
ational derivative with respect to é’”, and to express the vari-
ational derivative with respect to 7, through the variational
derivative with respect to ¢g"” and the variational derivative
with respect to 7, entering explicitly into the Lagrangian L.
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Indeed,
oL oL
5q~5uv - ogH
0L &L 5L 0§**
N M 09

~0 , (2.7)

(2.8)

The derivation of the latter formula is presented in detail in
Appendix (A.17). The asterisk in formula (2.8) indicates the
variational derivative of the density of the Lagrangian with
respect to the metric 7, which is explicitly present in L. In
agreement with (.1), formula (2.8) can be written in the form

~a3 *
o _ (iL‘ﬁg _25[]‘
09" MV OV

Taking equation (2.7) into account in the above expression we
obtain

oL
= g = (2.9)
0V
Comparing equations (P.9) and (2.2) we obtain the condition
0L 1 ~ ~
—2 = —— [P Do D¢ + m>p 2.10

which, in case it is fulfilled, makes it possible to derive the
equations of the gravitational field, (2.2) and (2.3), directly
from the principle of least action. Since the fields of matter
are not present in the right-hand side of (B.1(0), this means that
the variation in density of the Lagrangian of matter, Lj;, with
respect to the explicitly present metric 7,, must be zero. For
no additional restrictions on the motion of matter determined
by equations (2.5) to arise, it hence follows directly that the
tensor 7, does not explicitly enter into the expression for the
density of the Lagrangian of matter Ly,. Expression (2:I7)
then assumes the form

25*Lg 1

R = 151" DaDp" + 6] (2.11)
uv
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Thus, everything reduces to finding the density of the La-
grangian of the gravitational field proper, L,, which would
satisfy condition (R.11]).

At the same time, from the previous arguments we arrive
at the important conclusion that the density of the Lagrangian
of matter, L, has the form

L = Ly, §") + Lt (3", 0a) - (2.12)

Thus, from the requirement that the density of the
energy-momentum tensor of matter be the source of
the gravitational field it follows in a natural way that
the motion of matter should take place in effective Rie-
mannian space. This assertion has the character of a the-
orem. Hence it becomes clear, why Riemannian space arose,
instead of some other. Precisely this circumstance provides
us with the possibility of formulating, in section 3, the gauge
group, and then to construct the density of the Lagrangian
(4.24) satistying condition (B.I1)), in accordance with (B.20).

An interesting picture arises consisting in that the motion
of matter in Minkowski space with the metric 7,, under the
influence of the gravitational field ¢* is identical to the motion
of matter in effective Riemannian space with the metric g,,,
determined by expression (£.6). We term such interaction of
the gravitational field with matter thegeometization
principle. The geometrization principle is a consequence of
the initial assumption that a universal characteristic of matter
— the density of the energy-momentum tensor — serves as the
source of the gravitational field. Such a density structure of
the Lagrangian of matter indicates that a unique possibility
is realized for the gravitational field to be attached inside the
Lagrangian density of matter directly to the density of the
tensor yH¥.

The effective Riemannian space is literally of a field
origin, owing to the presence of the gravitational field.
Thus, the reason that the effective space is Riemannian, and
not any other, lies in the hypothesis that a universal conserved
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quantity — the density of the energy-momentum tensor —
is the source of gravity. We shall explain this fundamental
property of gravitational forces by comparing them with the
electromagnetic forces.

In the case of a homogeneous magnetic field, a charged
particle in Minkowski space is known to undergo, due to the
Lorentz force, motion along a circle in the plane perpendicular
to the magnetic field. However, this motion is far from identi-
cal even for charged particles, if their charge-to-mass ratio dif-
fer. Moreover, there exist neutral particles, and their trajecto-
ries in a magnetic field are just straight lines. Therefore, owing
to the non-universal character of electromagnetic forces their
action cannot be reduced to the geometry of space-time. Gra-
vity is another issue. It is universal, any test bodies move along
identical trajectories given identical initial conditions. In this
case, owing to the hypothesis claiming the energy-momentum
tensor of matter to be the source of the gravitational field,
it turns out to be possible to describe these trajectories by
geodesic lines in the effective Riemannian space-time due to
the presence of the gravitational field in Minkowski space. In
those regions of space, where a whatever small gravitational
field is present, we have metric properties of space which up to
a high precision approach the actually observed properties of
pseudo-Euclidean space. On the other hand, when the gravi-
tational fields are strong, the metric properties of the effective
space become Riemannian. But in this case, also, the pseudo-
Euclidean geometry does not vanish without trace — it is ob-
servable and manifests itself in that the motion of bodies in
effective Riemannian space is not free by inertia, but proceeds
with acceleration with respect to pseudo-Euclidean space in
Galilean coordinates. Precisely for this reason, acceleration in
RTG, unlike GRT, has an absolute sense. Consequently, “Fin-
stein’s lift” cannot serve as an inertial reference frame. This is
manifested in that a charge at rest in “Einstein’s lift” will emit
electromagnetic waves. This physical phenomenon should also
testify in favour of the existence of Minkowski space. As we
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shall further see, the metric of Minkowski space can be defined
from studies of the distribution of matter and of the motion of
test bodies and light in effective Riemannian space. We shall
raise this issue again in section 7.

The equation of motion of matter does not include the met-
ric tensor 7, of Minkowski space. Minkowski space will only
influence the motion of matter by means of the metric tensor
g, of Riemannian space, derived, as we shall further see, from
the equations of gravity, which contain the metric tensor v, of
Minkowski space. Since the effective Riemannian metric arises
on the basis of the physical field given in Minkowski space,
hence it follows that effective Riemannian space has a simple
topology and is presented in a single map. If, for instance,
matter is concentrated in a region of the island-type, then in
Galilean coordinates of an inertial reference system the gra-
vitational field ¢*” cannot decrease slower than 1/r, but this
circumstance imposes a strong restriction on the asymptotic
behaviour of the metric g, of effective Riemannian geometry

1
gm,:7hy4—0<—>,]kxenm,:(l,—l,—l,—l). (2.13)
T

If, on the other hand, one simply takes as the starting point
the Riemannian metric, without assuming it to have originated
from the action of a physical field, then such restrictions do
not arise, since the asymptotics of the metric g, even depends
on the choice of three-dimensional space coordinates. Physical
quantity, however, in principle, cannot depend on the choice
of the three-dimensional space coordinates. RTG imposes no
restrictions on the choice of reference system. The reference
system may be arbitrary, if only it realizes a one-to-one cor-
respondence between all the points of the inertial reference
system in Minkowski space and provides for the following in-
equalities, necessary for introducing the concepts of time and
spatial length, to be satisfied:

Yoo > 0, di? = syda’ dz® > 050,k =1,2,3,
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where iy
Sile = —Yik + k.
“Yoo

In our theory of gravity the geometrical characteristics of
Riemannian space arise as field quantities in Minkowski space,
and for this reason their transformational properties become
tensor properties, even if this was previously not so, from the
conventional point of view. Thus, for instance, the Christoffel
symbols, given as field quantities in Galilean coordinates of
Minkowski space become tensors of the third rank. In a similar
manner, ordinary derivatives of tensor quantities in Cartesian
coordinates of Minkowski space are also tensors.

The question may arise: why is no division of the metric,
like (R.G), performed in GRT by introduction of the concept of
gravitational field in Minkowski space? The Hilbert-Einstein
equations only contain the quantity g, , so, consequently, it is
impossible to say unambiguously with the help of which metric
Y of Minkowski space we should define, in accordance with
(B.G), the gravitational field. But the difficulty consists not
only in the above, but, also, in that the solutions of Hilbert-
Einstein equations are generally found not in one map, but in a
whole atlas of maps. Such solutions for g,, describe Rieman-
nian space with a complex topology, while the Riemannian
spaces, obtained by representation of the gravitational field in
Minkowski space, are described in a sole map and have a simple
topology. It is precisely for these reasons that field representa-
tions are not compatible with GRT, since they are extremely
rigorous. But this means that no field formulation of GRT in
Minkowski space can exist, in principle, no matter how much
someone and who might want this to happen. The apparatus
of Riemannian geometry is inclined towards the possibility of
introducing covariant derivatives in Minkowski space, which
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we took advantage of in constructing RTG. But to implement
this, it was necessary to introduce the metric of Minkowski
space into the gravitational equations, and it, thus, turned
out to be possible to realize the functional relationship of the
metric of Riemannian space, ¢,,,, with the metric of Minkowski
space, v, But this will be dealt with in detail in subsequent
sections.



3. The gauge group of
transformations

Since the density of the Lagrangian of matter has the form

LM(QHV’ ¢A)7 (31)

it is easy to find the group of transformations, under which
the density of the Lagrangian of matter is only changed by
the divergence. To this end we shall take advantage of the
action

Sy = / Lae(§, ¢4) d'z (3.2)

being invariant under infinitesimal transformations of coordi-

nates,
' =a% + £%(x), (3.3)

where £ is the four-vector of an infinitesimal displacement.
The field functions g, ¢4 vary as follows under these trans-
formations of coordinates:

g(a’) = g () + 0eg™ (x) + £%(x) Dag™” (),

L (3.4)
(@) = da(x) + 0¢pa(x) + £ () Dada(),
where the expressions
0egM () = GM* Dok (z) + §V* Do &H () — Do (§%9M), (3.5)

0¢da(x) = —£ () Data(x) + Frj5 dp(x) Dol (2)

are Lie variations.
The operators J¢ satisfy the conditions of Lie algebras, i.e.
the commutation relation

[5€1> 562](') = 553 () (3'6)

and the Jacobi identity

[5517 [5527 553]] + [5537 [5517 552]] + [5527 [5537 551]] =0, (3'7)
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where

5:1; = §fDu§5 - §5Du§f = §fau§5 - ggau&/

For (B.6) to hold valid the following conditions must be satis-
fied:
ERL S~ FRS L= ST RS (39

where the structure constants f are
Ve = 05050, — 0,0105. (3.9)
It is readily verified that they satisfy the Jacobi equality
Fouis ST+ ST I ST S =0 (310
and have the property of antisymmetry,
fi = st
The variation of action under the coordinate transforma-
tion (B-3) equals zero:
5,5 = / (@) d' — / L (2) d*z = 0. (3.11)
o) Q

The first integral in (B.I1]) can be written in the form

/L’ " d ’_/JL’ ') d'z,

81,/04
J = det(gxﬁ)

In the first order of £ the determinant J equals

where

J =1+ 0,£%). (3.12)
Taking into account the expansion
oL
L&) = Iig(w) + @) 52
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as well as (B.19), one can represent the expression for the vari-
ation in the form

5eSns = / 6L (2) + Oa (€7 Lo (2))] d'z = 0.

Owing to the integration volume €2 being arbitrary, we have
the identity

0 Ly (2) = —0.(§"(x) L (), (3.13)
where the Lie variation 6L, is

OLy . OL N
= M g M (9,

oz 0 a9t

0Ly 0Ly

0 004 0(0na)

Hence, for instance, it follows that if the scalar density depends
only on g and its derivatives, it will vary under transforma-
tion (B.) only by the divergence

OL(g" (x)) = —0a(€*(2) L(§" (2))), (B-13a)
where the Lie variation 0L is

oL . 0L

_l_

5(Dutpa). (3.14)

~pv _ ~ v
L Pt s.0.5m). (3.14a)
0(0a05gm)

The Lie variations (B.7) were established within the con-
text of the coordinate transformations (B-3). But one may also
adopt another standpoint, in accordance with which transfor-
mations (B.§) can be considered gauge transformations. In this
case an arbitrary infinitesimal four-vector £%(x) will already be
a gauge vector, but no longer the displacement vector of the
coordinates. To stress the difference between the gauge group
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and the group of coordinate transformations, we shall further
use the notation £*(z) for the group parameter and call the
transformation of field functions

9" (x) — g" (x) + 09" (x),

Da(e) = 6a(x) + 564() (3.15)

with the variations

0:9" (2) = §"*Doc” () + GV Doc”(x) — Do(e%g"),
_ (3.16)
0:04(x) = —*(x)Datpa(x) + Fi'5 ¢5(x) Dy ’(2)

gauge transformations.

In full compliance with formulae (B.q) and (B.7), the op-
erators satisfy the same Lie algebra, i.e. the commutation
relation

[581’ Oc ]() = 563(') (317)
and the Jacobi identity

[551’ [652’ 553:” + [553’ [551’ 652]] + [552’ [553’ 651]] = 0 (3]‘8)
Like in the preceding case, we have
ey = e Dyey — ebD,el = 0,6l — e50,¢7.

The gauge group arose from the geometrized structure of
the scalar density of the Lagrangian of matter, Ly (", ¢a),
which owing to identity (B.13) only changes by the divergence
under gauge transformations (3.16). Thus, the geometrization
principle, which determined the universal character of the in-
teraction of matter and of the gravitational field, has provided
us with the possibility of formulating the non-commutative
infinite-dimensional gauge group (3.16).

The essential difference between the gauge and coordinate
transformations will manifest itself at the decisive point of the
theory in the course of construction of the scalar density of
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the Lagrangian of the gravitational field proper. The difference
arises owing to the metric tensor -, not changing under gauge
transformation, and, consequently, owing to (B.g) we have

5.9 (x) = 6.0M ().
From (3.16) the transformation for the field follows
0.9/ (x) = §"* Doc”(2) + §"* Do "(x) — Da(" §),

but this transformation for the field differs essentially from its
transformation in the case of displacement of the coordinates:

0 9" () = ¢ Dok (x) + ¢ Dol () — Dal£* 9.

Under the gauge transformations (3.16) the equations of mo-
tion for matter do not change, because under any such trans-
formations the density of the Lagrangian of matter is altered
only by the divergence.



4. Density of the Lagrangian and
the equations of motion for the
gravitational field proper

It is known to be impossible, only using the sole tensor g,,, to
construct the scalar density of the Lagrangian of the gravita-
tional field proper with respect to arbitrary coordinate trans-
formations in the form of a quadratic form of derivatives of
order not exceeding the first. Therefore, such a density of the
Lagrangian will certainly contain the metric v,, together with
the metric g,,. But, since the metric v,, is not altered under
the gauge transformation (3.16), there, consequently, must be
imposed strong restrictions on the structure of the density of
the Lagrangian of the gravitational field proper for it to change
only by the divergence under this transformation. It is pre-
cisely here that there arises an essential difference between
gauge and coordinate transformations.

While coordinate transformations impose nearly no restric-
tions on the structure of the scalar density of the Lagrangian of
the gravitational field proper, gauge transformations will per-
mit us to find the density of the Lagrangian. A straightforward
general method for constructing the Lagrangian is presented
in the monograph [L].

Here we shall choose a more simple method for constructing
the Lagrangian. On the basis of (B.13a) we conclude that the

most simple scalar densities /—¢ and R = \/—¢gR, where R is
the scalar curvature of effective Riemannian space, vary as
follows under the gauge transformation (3.16):

V=9 = V=9—Du(e"V—9), (4.1)

R — R—D,(¢"R). (4.2)

The scalar density R is expressed via the Christoffel symbols
1

F/Au/ =5 g)\a(au Gou + ar/ Gou — aa g,w) (43)
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as follows:
R=—g"(), I, —T0T9,) — 0,(" 9, — " I',). (4.4)

Since the Christoffel symbols are not tensor quantities, no
summand in ({.4) is a scalar density. However, if one intro-
duces the tensor quantities Gf;u

1
G/)\u/ = 5 g)\J(DMgUV + Dugau - Dag,w), (45)

then the scalar density can be identically written in the form
R = _QHV(G;);V S\ra _G;Auf z)\) _DV (guv GZO’ _guo GZO’)' (46)

Note that under arbitrary coordinate transformations each
group of terms in (f.4) individually exhibits the same be-
haviour as scalar density. We see that the apparatus of Rie-
mannian geometry is inclined toward the introduction of co-
variant, instead of ordinary, derivatives in Minkowski space,
but the metric tensor 7, used for determining the covariant

derivatives, is in no way fixed here.
With account of (1)) and ([.2), the expression

M(R+ D, Q")+ av/—g (4.7)

varies only by the divergence under arbitrary gauge transfor-
mations. Choosing the vector density Q) to be

Q" =" Gy, — 37 Gl

we exclude from the preceding expression terms containing
derivatives of orders higher, than the first, and obtain the
following density of the Lagrangian:

— Mg"(G, G, = Gy GTL) + daV/=g. (4.8)

Thus, we see that the requirement for the density of the
Lagrangian of the gravitational field proper to vary under the
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gauge transformation (3.16) only by the divergence, unam-
biguously determines the structure of the Lagrangian’s density
(E§). But, if one restricts oneself only to considering this den-
sity, then the equations of the gravitational field will be gauge
invariant, while the metric of Minkowski space, 7,,, will not be
present in the set of equations determined by the density of the
Lagrangian (£.§). Since within such an approach the metric of
Minkowski space disappears, the possibility of representing the
gravitational field as a physical field of the Faraday—Maxwell
type in Minkowski space disappears also.

In the case of the density of the Lagrangian ([L.§), intro-
duction of the metric v, with the aid of equations (2.3) will
not save the situation, since physical quantities — the inter-
val and the curvature tensor of Riemannian space, as well as
the tensor " of the gravitational field — will depend on the
choice of gauge, which is inadmissible from a physical point of
view. Thus, for example,

Ry = —RueDye’ — Ry Dye” — €Dy R
56R/u/ozﬁ = Ral/aﬁDuea - RuaaﬁDuea -
—Ro8 D€’ — RyuvaoDse” — € Do Ry

(]

To retain the concept of a field in Minkowski space and
to exclude the above ambiguity it is necessary to add, in the
density of the Lagrangian of the gravitational field, a term vi-
olating the gauge group. It is precisely here that there arises
an essentially new way, which for a long time evaded being
revealed. At first sight, it may seem that a significant arbi-
trariness should arise here, since the group can be violated in
extremely diverse ways. However, it turns out not to be so,
because our physical requirement, concerning the polarization
properties of the gravitational field which is a field of spins 2
and 0, imposed by equations (2.3), results in the term violat-
ing the group (3.16) being necessarily chosen so as to make
equations (2.3) a consequence of the set of equations of the
gravitational field and of fields of matter, since only in this
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case we have no over-determined set of differential equations
arising. To this end we introduce into the scalar density of the
Lagrangian of the gravitational field a term of the form

fy/.l,l/g“l/7 (49)

which, given conditions (2.3), also varies under transforma-
tions (3.16) by the divergence, but only on the class of vectors
satisfying the condition

g""D,D,e°(z) = 0. (4.10)

In electrodynamics a nearly analogous situation occurs with
the photon rest mass differing from zero. With account of
(E9)-(E.9) the general scalar density of the Lagrangian has
the form:

Lg = _Algwj(G;);V ())\-O' - G;),\LO' Z)\) +
+ g vV—g+ A3 Yuv guy + )\4\/ - (411)

We have introduced the last constant term in (4.11) in order
to use it for reducing to zero the density of the Lagrangian
in absence of the gravitational field. The narrowing of the
class of gauge vectors due to introduction of the term ({.9)
automatically results in equations (2.3) being a consequence
of the equations of the gravitational field. We shall further
verify this directly.

In accordance with the principle of least action, the equa-
tions for the gravitational field proper are of the form

5L,
N

1
= )\1R/u/ + 5 A2 Guv + A3 Yuv = 0, (412)

0Ly _ 0L, _, (_OL
o~ o~ T\ o))

where we write the Ricci tensor R, in the form

here

R“y == D)\ G;);,V - Du G)\)\ + GZV G?.)\ - Z)\ Gl>/\0' (413)

v

46



Since in absence of the gravitational field equations (f.12) must
be satisfied identically, hence follows

Let us now find the density of the energy-momentum for
the gravitational field in Minkowski space

0L 1 0L
= _9 92 — pa vB T pv,af g
p 52V YO = 50 Seas

AT = 205 5 — MM, (4.15)
where
JH — DaDﬁ(,yaugﬁu + fyaugﬁu _ ,yaﬁ g,uzx - ’ij gaﬁ>. (4.16)

(see Appendix (B.19)). If the dynamic equations ([.12) are
taken into account in expression (4.15), then we obtain equa-
tions for the gravitational field proper in the form

ALJP = 2 NG — M A =t (4.17)

For this equation to be satisfied identically in the absence of
the gravitational field, it is necessary to set

Since the equality
Dt =0, (4.19)

always holds valid for the gravitational field proper, from equa-

tion ([.17) it follows that
D, §" =0. (4.20)

Thus, equations (2.3) determining the polarization states
of the field follow directly from equations ([.I7). With account
of equations ([.20), one can write the field equations (f.17) in
the form

Ay 1

BD Dy — 22 g = — — v 4.21
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In Galilean coordinates this equation has the simple form

~ Ay~ 1
W — — " = —— th". 4.22
O¢ N ¢ N o (4.22)
It is natural to consider the numerical factor —:\\—‘1* = m? to rep-

resent the square graviton mass and to set the value of —1/)\
equal to 167, in accordance with the equivalence principle.
Thus, all the unknown constants present in the density of the
Lagrangian have been defined:

1 m2

Ao = Ay = —2)y = (4.23)

M= e 167

The constructed scalar density of the Lagrangian of the
gravitational field proper will have the form

1
L. = /u/ A O’ A o\
9= 157 (G -G, GYY)
m? /1
(= o g — /—

The corresponding to it dynamic equations for the gravita-
tional field proper can be written down in the form

JH —m? G = —16m th, (4.25)

or

m2

R — —(g" - 9" 9" Vo) = 0. (4.26)

These equations impose significant limits on the class of gauge
transformations, retaining only the trivial ones satisfying the
Killing conditions in Minkowski space. Such transformations
are a consequence of Lorentz invariance and are present in any
theory.

The density of the Lagrangian constructed above leads to
equations (f.2G) from which it follows that equations (F.20)
are their consequence, and, therefore, outside matter we shall
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have ten equations for ten unknown field functions. The un-
known field functions ¢" are readily expressed with the aid of
equations (f:20) via the field functions ¢, where the indices
7 and k run through the values 1, 2, 3.

Thus, the structure of the mass term violating the gauge
group in the density of the Lagrangian of the gravitational
field proper is unambiguously determined by the polarization
properties of the gravitational field. The field approach to
gravity, that declares the energy-momentum tensor of
all matter to be the source of the field, necessarily
requires introduction of the graviton rest mass in the
theory.



5. Equations of motion for the
gravitational field and for matter

The total density of the Lagrangian of matter and of the grav-
itational field is

L:Lg+LM(§J“”, ¢A)7 (51)

where L, is determined by expression (4.24).

On the basis of (B.1) we shall obtain, with the aid of the
least action principle, the complete set of equations for matter
and for the gravitational field:

oL

= 2
6‘6#” 0? (5 )
0Ly
0. 5.3
094 >3

Since in the case of an arbitrary infinitesimal variation of the
coordinates the variation of the action, 0.5, is zero,

w=10. [ Lu(@™, 6a)d

it is hence possible to obtain an identity (see Appendix (C.16))
in the form

oL oL

v M ~B;v M

VAT = =D, (G R 6p(w)) = 52 Dy a(e). (5.4
Here T = 25;” is the density of the tensor of matter in

Riemannian space; V) is the covariant derivative in this space
with the metric gy,. From identity (p.4) it follows that, if
the equations of motion of matter (5.3) are satisfied, then the
following equation occurs:

VAT =0. (5.5)
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When the number of equations (5.3) for matter equals four,
the equivalent equations (B-J) may be used, instead. Since we
shall further only deal with such equations for matter, we shall
always make use of the equations for matter in the form (5.3).
Thus, the complete set of equations for matter and for the
gravitational field will have the form

§L
So = 0, (5.6)
VAT =0. (5.7)

Matter will be described by velocity o, the density of matter
p, and pressure p. The gravitational field will be determined
by ten components of the tensor ¢"”.

Thus, we have 15 unknowns. For determining them it is
necessary to add to the 14 equations (5.6),(5.7) the equation of
state for matter. If the relations (see Appendices B*.18,B*.19)

5L, 1 2
5§uu - _ﬂ RHV + % (g;u/ - ’Y;w), (58)
0Ly 1 1

- 1 v 5 VT ) .
5§uu 2 /—_g ( M 2 Iu ) (5 9)

are taken into account, then the set of equations (5.6), (5.7)
may be represented as

1 2
(Ruv _ 5 g‘“’R) + m? [g;w 4 (guagl/ﬁ_
9" 9°%) W} = ™, (5.10)

VAT = 0. (5.11)
Owing to the Bianchi identity

1
V(R = S g R) =
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from equations (5.10) we have

1
m>/=g(g"*g"® — = g g°P)V Yoy = 16 TV, T (5.12)

2
Taking into account expression
v” Tap = _GZOC Yop — GZﬁ Voo (513)

where G, is defined by formula (fLF), we find

o U 1 vV _Q
(9"*¢"° — = g™ ")V Yap =

2
= 09" (Dy g7 + G5 g°), (5.14)
but since (see formulae (B*.20))
V=9(Ds g + Goyg™) = D, 7, (5.15)

expression (5.14) assumes the form
po v 1 wv af iz ~\o
V=9(3""9" = 56" 9") ViYas = Yur 9" Do 57 (5.16)
2

With the aid of (p.16) expression (b.13) can be represented in
the form

msz\ g“”Dag’\" =167V, T".

This expression can be rewritten in the form
m?D, g™ =16 7Y™V, T (5.17)

With the aid of this relation, equation (B.I])) can be replaced
by the equation
D, " = 0. (5.18)

Therefore, the set of equations (5.10), (b.I1]) is reduced to the
set of gravitational equations in the form

2 2

1 8
—= 9" g* ), ] = —— T, 5.19
5 )Vas 7= (5.19)

D, §" = 0. (5.20)

1 m?
(RW _ g“”R) + = {gw + (g"g"P—
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These equations are universally covariant with respect to
arbitrary transformations of coordinates and form-invariant
only with respect to such transformations of coordinates that
leave the Minkowski metric 7, (z) form-invariant. Hence, for
instance, it follows that in any inertial (Galilean) reference sys-
tem phenomena are described by identical equations. Equa-
tions involving the graviton mass had arisen previously; how-
ever, owing to misunderstanding of the fundamental fact that
special relativity theory is also valid in non-inertial reference
systems, they were not considered seriously, since they were
not universally covariant. Usually, following A.Einstein, the
metric 7,3 = (1,—1,—1,—1) was considered to be a tensor
only with respect to the Lorentz transformations. But, actu-
ally, the metric of Minkowski space, v,,(z), is a tensor with
respect to arbitrary transformations of coordinates. The set of
equations (5.19) and (5.20) is hyperbolic. In the case of static
problems; it is elliptic. By adding the equation of state to the
set of equations (5.19) and (5.20) we obtain a complete set
of equations for determining the unknown physical quantities
Guv, U, p,p for one or another formulations of the problem.

A concrete inertial Galilean reference system is singled out
by formulation of the actual physical problem (by the initial
and boundary conditions). The descriptions of a given formu-
lated physical problem in different inertial (Galilean) reference
systems are different, naturally, but this does not contradict
the relativity principle. If one introduces the tensor

2
vV v m v oV v
N = R — —=[g" = ¢"°¢"Yas], N = N"g,

then the set of equations (5.19) and (5.20) can be written in
the form

1 8
Nw — g N = ST 5.19a
2N T (>:192)
D, " = 0. (5.20a)
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It may also be represented in the form

8 1
N = S0 (e = g ), 5.21
ST =50 T) (5.21)
D" =0, (5.22)
or 3 1
T
NVI—TV__gyTu a
K /_g( I 2 H ) ( )

D,g" = 0. (B-23a)
It must be especially stressed that both sets of equations
(6:21)) and (p.29) contain the metric tensor of Minkowski space.
Transformations of coordinates, which leave the metric of
Minkowski space form-invariant, relate physically equivalent
reference systems. The most simple of these are inertial refer-
ence systems. For this reason, possible gauge transformations
satisfying the Killing conditions

D,e, + Dy, =0,

do not remove us from the class of physically equivalent refer-
ence systems.

Let us deal with this issue in more detail. To this end we
write the equation of RTG, (5.21]) and (5.29), in the expanded

form:

m7[9””(%) — 9" 9" Yap(x)] =

— 8 [T (2) — %g‘“’T(:c) , (5.23)

ij(l’) —

D,g" = 0. (5.24)

Consider that, given appropriate conditions of the problem,
these equations have the solution ¢"”(x) in Galilean coordi-
nates z in an inertial reference system, when the distribution
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of matter is T"”(z). In another inertial reference system, in
Galilean coordinates x’ satisfying the condition
2 =a" + ' (x),

5.25
DFé” 4 D"e" = 0. (5:25)

We obtain with the aid of tensor transformations the following:

2

uv / m g e v
R™(2) = —=-[g""(2) = " 9" Yap(@)] =
=& [T (2') — %g"“’T'(:E') : (5.26)

Since equations (5.23) are form-invariant with respect to
the Lorentz transformations, we can return to the initial vari-
ables x:

2

R () = 19" () = 99" ap ()] =
= 8n |T" (x) — %g"“’T'(:B) (5.27)

Hence it is clear that the solution ¢ (x) does not correspond
to the distribution of matter T"”(z), but to another distribu-
tion T""(x). The quantity ¢’**(z) in equations (5.27) is

g" (x) = g (x) + g™, (5.28)
where
5eg™ = g" Dye” + ¢"*Dye — ' Dy g™ (5.29)

In the case of transformations (5.25) we have

R™ (2) = R"™(x) + 6.R",
T (x) = T (x) + 6.1, (5.30)
T'(x) =T(z) + 6T
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Here

§.R" = RMDye” + R Dye" — €' D\R",
5T =T Dye” + T Dye — DT, (5.31)
8T = —*D\T = —*O\T.

We obtained expression (5.27) with the aid of the coordi-
nate transformations (5.25), but identical equations are also
obtained in the case of the gauge transformation (5.29) with
the vectors €* satisfying condition (5.25). Thus, gauge trans-
formations result in the metric field ¢’ (z) in the case of
matter exhibiting the distribution 7"#(z). Although we con-
sidered the transition from one inertial reference system in
Galilean coordinates to another, our formulae (5.25), (5.31)
are of a general nature, they are valid, also, for a noniner-
tial reference system in Minkowski space. The same situation
occurs in electrodynamics.

In GRT the situation is completely different, since owing
to the Hilbert—Einstein equations being form-invariant with
respect to arbitrary transformations of coordinates, there ex-
ist, for one and the same distribution of matter, T""(x), any
amount of metrics g,, (), g,,,(z)... satisfying the equations. It
is precisely for this reason that in GRT there arises an ambi-
guity in the description of gravitational phenomena.

If one imagines that it is possible to perform experimental
measurements of the characteristics of Riemannian space and
of the motion of matter with whatever high precision, then
it would be possible, on the basis of equations (5.21a) and
(F-2Za), to determine the metric of Minkowski space and to
find Galilean (inertial) reference systems. Thus, Minkowski
space is observable, in principle.

The existence of Minkowski space is reflected in the con-
servation laws, and, therefore, testing their validity in physical
phenomena serves at the same time for testing the structure
of space-time.

It must be especially noted that both sets of equations
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(5.19) and (5.20) contain the metric tensor of Minkowski space.
The presence of the cosmological term in the equations of GRT
is known not to be obligatory, and this issue is still being dis-
cussed. The presence of the cosmological term in the equations
of gravity is obligatory in RTG. However, the cosmological
term in equations (5.19) arises in combination with the term
related to the metric 7,, of Minkowski space, and with the
same constant factor equal to a half of the square graviton
mass. The presence in equations (5.19) of the term connected
with the metric v, significantly alters the character of the
collapse and development of the Universe. In accordance with
equations (5.19), in absence of matter and of the gravitational
field, the metric of the space becomes the Minkowski metric,
and it coincides exactly with the one previously chosen in for-
mulating the physical problem. If the metric of Minkowski
space were absent in the equations of the gravitational field,
then it would be absolutely unclear, in which reference system
of Minkowski space we would happen to be in the absence of
matter and of the gravitational field.

The graviton mass is essential for this theory, since only its
introduction permits construction of the theory of gravity in
Minkowski space. The graviton mass violates the gauge group
or, in other words, it removes the degeneracy. Therefore, one
cannot exclude the possibility of the graviton mass tending
toward zero in the final results, when gravitational effects are
studied. However, the theory with a graviton mass and the
theory involving violation of the gauge group [§] (with the
graviton mass subsequently tending toward zero) are essen-
tially different theories. Thus, for example, while in the first
theory the Universe is homogeneous and isotropic, no such
Universe can exist in the second one.

Let us now touch upon the equivalence principle. Any
physical theory must comply with the equivalence principle.
Gravitational interactions alter the equations of motion of
matter. The requirement imposed by the equivalence prin-
ciple reduces to the requirement that, when the gravitational

57



interaction is switched off, i.e. when the Riemann curvature
tensor turns to zero, these equations of motion become or-
dinary equations of motion of SRT in the chosen reference
system.

In formulating the physical problem in RTG we choose a
certain reference system with the metric tensor of Minkowski
space, Y (z). In RTG, the equation of motion of matter in
effective Riemannian space with the metric tensor g,,(z), de-
termined by the equations of the gravitational field (5.19) and
(5.20), has the form

v, T" () = 0. ()

For example, we shall take dustlike matter with the energy-
momentum tensor T* equal to

dz”

ds’

T (x) = pUrU", U =

ds is the interval in Riemannian space.
On the basis of equations (¢), using the expression for 7",
we find the equation for the geodesic line in Riemannian space,

dU”
ds

+ I (2)UU” = 0.

When the gravitational interaction is switched off, i.e. when
the Riemann curvature tensor turns to zero, from the equa-
tions of the gravitational field (5.19) and (5.20) it follows that
the Riemannian metric g, (z) transforms into the previously
chosen metric of Minkowski space, 7,,(z). In this case the
equation of motion of matter (o) assumes the form

D, t"(x) = 0. (A)
Here the energy-momentum tensor t*(x) is

dx¥
do’

t(x) = puru”, u” =
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do is the interval in Minkowski space.
On the basis of (\), using the expression for t*”, we find
the equations for the geodesic line in Minkowski space,

du”
do

i.e., we have arrived at the ordinary equations for the free
motion of particles in SRT in the previously chosen reference
system with the metric tensor +,,(z). Thus, the equation of
motion of matter in a gravitational field in the chosen refer-
ence system automatically transforms, when the gravitational
interaction is switched off, i.e., when the Riemann curvature
tensor turns to zero, into the equation of motion of matter in
Minkowski space in the same reference system with the metric
tensor 7,,(z), i.e., the equivalence principle is obeyed. This
assertion in RT'G is of a general character, since when the Rie-
mann tensor turns to zero the density of the Lagrangian of
matter in the gravitational field, Ly, (", ®4), transforms into
the ordinary SRT density of the Lagrangian, Ly (¥, ®4), in
the chosen reference system.

In GRT the equation of motion of matter also has the form
(). But, since the Hilbert—Einstein equations do not contain
the metric tensor of Minkowski space, then when the gravita-
tional interaction is switched off, i.e., the Riemann curvature
tensor turns to zero, it is impossible to say in which reference
system (inertial or accelerated) of Minkowski space we happen
to be, and therefore it is impossible to determine which equa-
tion of motion of matter in Minkowski space we will obtain
when the gravitational interaction is switched off. Precisely
for this reason, the equivalence principle cannot be complied
with in GRT within the framework of this theory. Usually
such correspondence in GRT is achieved precisely within the
field approach, when a weak gravitational field is considered to
be a physical field in Minkowski space in Galilean coordinates.
Thus, GRT is made to include what it essentially does not con-
tain, since, as A. Einstein wrote, “gravitational fields can be
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giwen without introducing tensions and energy density’ E, SO
no existence of any physical field in GRT can even be spoken
of.

In conclusion, we note that RTG revives all those concepts
(inertial reference system, the law of inertia, acceleration rela-
tive to space, the conservation laws of energy-momentum and
of angular momentum), which occurred in classical Newtonian
mechanics and in special relativity theory, and which had to
be renounced by A. Einstein in constructing GRT.

In 1955 A.Einstein wrote: jjA significant achievement of
general relativity theory consists in that it rids physics of the
necessity ﬁ introducing the “inertial system” (or “inertial sys-
tems”)i i BY. From our point of view, the fields of inertia and of
gravity cannot be identified with each other even locally, since
they are of totally different natures. While the former can be
removed by a choice of the reference system, no choice what-
ever of the reference system can remove the fields of gravity.
Regrettably, this circumstance is not understood by many per-
sons, since they do not apprehend that “in Finstein’s theory’,
as especially stressed by J.L.Synge, “the existence or absence
of a gravitational field depends on whether the Riemann cur-
vature tensor differs from or equals zero” E4.

20Einstein A. Collection of scientific works, Moscow: Nauka, 1965,
vol.1, art.47, p.627.

2lEinstein A. Collection of scientific works, Moscow: Nauka, 1965,
vol.2, art.146, p.854.

22] L.Synge. Relativity: the general theory. M.:Foreign literature
publishers, 1963, p.9.



6. The causality principle in RTG

RTG was constructed within the framework of SRT, like the
theories of other physical fields. According to SRT, any motion
of a pointlike test body (including the graviton) always takes
place within the causality light cone of Minkowski space. Con-
sequently, non-inertial reference systems, realized by test bod-
ies, must also be inside the causality cone of pseudo-Euclidean
space-time. This fact determines the entire class of possible
non-inertial reference systems. Local equality between the
three-dimensional force of inertia and gravity in the case of
action on a material pointlike body will occur, if the light cone
of the effective Riemannian space does not go beyond the lim-
its of the causality light cone of Minkowski space. Only in
this case can the three-dimensional force of the gravitational
field acting on the test body be locally compensated by transi-
tion to the admissible non-inertial reference system, connected
with this body.

If the light cone of the effective Riemannian space were to
reach beyond the causality light cone of Minkowski space, this
would mean that for such a “gravitational field” no admissible
non-inertial reference system exists, within which this “force
field” could be compensated in the case of action on a material
pointlike body. In other words, local compensation of the
3-force of gravity by the force of inertia is possible only when
the gravitational field, acting as a physical field on particles,
does not lead their world lines outside the causality cone of
pseudo-Euclidean space-time. This condition should be con-
sidered the causality principle permitting selection of solutions
of the set of equations (5.19) and (5.20) having physical sense
and corresponding to the gravitational fields.

The causality principle is not satisfied automatically. There
is nothing unusual in this fact, since both in electrodynamics,
and in other physical theories, as well, the causality condi-
tion for matter in the form do? = Ywdxtdx” > 0 is always
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added (but not always noted) to the main equations, which
actually provides for it being impossible for any form of mat-
ter to undergo motion with velocities exceeding the speed of
light. In our case it is necessary to take into account that
the gravitational interaction enters into the coefficients of the
second-order derivatives in the field equations, i.e. there arises
an effective geometry of space-time. This feature is only pe-
culiar to the gravitational field. The interaction of all other
known physical fields usually does not involve the second-order
derivatives of the field equations, and therefore does not alter
the initial pseudo-Euclidean geometry of space-time.

We shall now present an analytical formulation of the ca-
usality principle in RTG. Since in RTG the motion of matter
under the action of the gravitational field in pseudo-Euclidean
space-time is equivalent to the motion of matter in the corre-
sponding effective Riemannian space-time, we must for events
(world lines of particles and of light) related by causality, on
the one hand, have the condition

ds* = g, dat dr” > 0, (6.1)

and, on the other hand, the following inequality must hold
valid for such events:

do® =7, dz dz” > 0. (6.2)

The following condition is valid for the chosen reference system
realized by physical bodies:

Yoo > 0. (63)
We single out in expression (.9) the time- and spacelike parts:

Yo dz’
1/ /00

here the Latin indices ¢, k£ run through the values 1, 2, 3;

2
do* = (\/700 dt + ) — ;. da’ da®, (6.4)

Sik:—%k—i‘wa (6.5)
“Yoo
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s;r 1s the metric tensor of three-dimensional space in four-
dimensional pseudo-Euclidean space-time. The square spatial
distance is determined by the expression

d1* = s;}, da’ da”. (6.6)

Now we represent the velocity v* = % as v' = ve', where
v is the absolute value of the velocity and e’ is an arbitrary

unit vector in three-dimensional space,
siget e =1 (6.7)

In absence of the gravitational field the velocity of light in the
chosen reference system is readily determined from expression
(B.4) by setting it equal to zero:

Yoi dz’
Yoo

2
<\/%dt+ > = s;1, dat dat.

Hence, we find

U:m/<1_%). (6.8)

Thus, an arbitrary four-dimensional isotropic vector in Min-
kowski space, u”, is

u’ = (1, ve'). (6.9)

For both conditions (p.1]), (F.9) to be satisfied simultane-
ously, it is necessary and sufficient that for any isotropic vector

Y W U =0 (6.10)
the causality condition
G W u” <0, (6.11)

hold valid, which precisely indicates that the light cone of the
effective Riemannian space does not go beyond the causality
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light cone of pseudo-Euclidean space-time. The causality con-
dition may be written in the following form:

gHV Uu UV = 07 (a>

Yt 0" > 0. (FIIa)

In GRT, physical meaning is also attributed to such solu-
tions of the Hilbert-Einstein equations, which satisfy the in-
equality

9 <0,

as well as the requirement known as the energodominance con-
dition, which is formulated as follows. For any timelike vector
K, the inequality

™ K, K, > 0,

must be valid, and the quantity T K, must form, for the
given vector K, a non-spacelike vector.

In our theory, such solutions of equations (p.21]a) and (p.22a)
have physical meaning, which, besides these requirements, must
also satisfy the causality condition (p-I0a) and (p-ITa). The
latter can be written, on the basis of equation (f.21la), in the
following form:

8
V=
2
+m7 G K'E”. (6.12)

1
(T — = g T) KMK” +

Ry, K'K" < 5

If the density of the energy-momentum tensor is taken in the
form:

T;w Y _g[(p + p)UuUu - pg;w]a

then on the basis of (f.21]a) it is possible to establish between
the interval of Minkowski space, do, and the interval of the
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effective Riemannian space, ds, the following relationship:

2

2
%daz = ds*[4n(p + 3p) + % — R, U*U",

)
here U* = di

s
Owing to the causality principle the inequality

m2
R, UMDY < d(p+3p) + -,

which is a special case of inequality (6.12), or
V—gR, v"v" < 87T, vtv” (6.12a)

must hold valid.

Let us now consider the motion of a test body under the in-
fluence of gravity in GRT and RTG. In 1918 A. Einstein gave
the following formulation of the equivalence principle: “In-
ertia and gravity are identical; hence and from the results of
special relativity theory it inevitably follows that the symmetric
< fundamental tensor>> g,, determines the metric properties
of space, of the motion of bodies due to inertia in it, and,
also, the influence of gravity’ B4, Identifying in GRT the grav-
itational field and the metric tensor g,, of Riemannian space
permits, by an appropriate choice of the reference system, to
equate to zero all the components of the Christoffel symbol at
all points of an arbitrary non-selfintersecting line. Precisely
for this reason, motion along a geodesic line in GRT is con-
sidered free. But, in this case, the choice of reference system
cannot remove the gravitational field in GRT, also, because
the motion of two close material pointlike bodies will not be
free due to the existence of the curvature tensor, which can
never be equated to zero by a choice of reference system owing
to its tensor properties.

23Einstein A. Collection of scientific works, Moscow: Nauka, 1965,
vol.1, art.45, p.613.

65



The gravitational field in RTG is a physical field in the
spirit of Faraday—Maxwell, so the gravitational force is de-
scribed by a four-vector, and, consequently, the forces of iner-
tia can be made to compensate the three-dimensional part of
the force of gravity by a choice of reference system only if con-
ditions (f.10) and (B.11]) are satisfied. Now, the motion of a
material pointlike body in the gravitational field can never be
free. This is especially evident, if the equation of the geodesic
line is written in the form [[]]

DUV (0% v v
o = Gl UP(6y — U"U,).
Here dz
v v L
do® = vy, datda”, UY = I

Free motion in Minkowski space is described by the equa-
tion: DU dUv
= — +\UMUN =0,
do do |
;. are the Christoffel symbols of Minkowski space. We see
that motion along a geodesic line of Riemannian space is the

motion of a test body under the action of the force F":

F¥ = G U UP(6) — U"U,),

and this force is a four-vector. If the test body were charged,
it would emit electromagnetic waves, since it moves with ac-
celeration.

In SRT there exists an essential difference between the
forces of inertia and physical forces. The forces of inertia can
always be made equal to zero by a simple choice of reference
system, while essentially no choice of reference system can turn
physical forces into zero, since they are of a vector nature in
Minkowski space. Since in RTG all forces, including gravi-
tational forces, are of a vector nature, this means that they
cannot be equated to zero by a choice of reference system. A
choice of reference system can only make the force of inertia
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compensate a three-dimensional force, acting on a material
pointlike body, the force being of any nature, including gravi-
tational. In GRT, as noted by J.L.Synge [BJ], ... the concept
of the force of gravity does not exist, since gravitational prop-
erties are organically present in the structure of space-time
and are manifested in the curvature of space-time, i.e. in that
the Riemann tensor Rijim differs from zero.” Precisely in this
connection, J.L.Synge wrote: “According to the famous leg-
end, Newton was inspired to create his theory of gravity, when
he once observed an apple falling from the branch of a tree,
and those who study Newtonian physics even now are ready
to claim that the acceleration (980 cm/s*) of a falling apple
s due to the gravitational field. In accordance with relativity
theory (GRT is intended — A.L.), this point of view is com-
pletely erroneous. We shall undertake a thorough investigation
of this problem and verify that the gravitational field (i.e., the
Riemann tensor) actually plays an extremely insignificant role
in the phenomenon of a falling apple, while the acceleration
980 cm/s* is really due to the curvature of the world line of
the tree’s branch.”

According to RTG, the gravitational field is a physical field,
and therefore, unlike the case of GRT, it fully retains the con-
cept of the force of gravity. Precisely owing to the force of
gravity does the free fall of bodies occur, i.e., everything pro-
ceeds like in Newtonian physics. Moreover, all gravitational
effects in the Solar system (the displacement of the perihelion
of Mercury, the deflection of light by the Sun, the time de-
lay of a radiosignal, the precession of a gyroscope) are caused
precisely by the action of the force of gravity, but not by the
curvature tensor of space-time, which in the Solar system is
quite small.

The local identity between inertia and gravity was seen by
Einstein as the main reason for the inertial and gravitational
masses to be equal to each other. However, in our opinion, as
it can be seen from equations (2.2), the reason for this equality
lies in that the source of the gravitational field is the conversed
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total density of the tensor of matter and of the gravitational
field. Precisely for this reason, the inertial and gravitational
masses being equal to each other does not require the forces
of gravity and of inertia to be locally identical.



7. Mach’s principle

In formulating the laws of mechanics Newton introduced the
notion of absolute space, which always remains the same and
is motionless. He defined the acceleration of a body precisely
with respect to this space. This acceleration had an absolute
character. The introduction of such an abstraction as abso-
lute space turned out to be extremely fruitful. Hence, for
instance, arose the concepts of inertial reference systems in
the entire space, the relativity principle for mechanical pro-
cesses, and the idea came into being of states of motion, that
are physically singled out. In this connection Einstein wrote
the following in 1923: “Reference systems that are in such
states of motion are characterized by the laws of Nature for-
mulated in these coordinates assuming the most simple form.”
And further: jj...according to classical mechanics there exists
“relativity of velocity”, but not “relativity of acceleration”;; 3.

Thus in theory was the notion established of inertial refer-
ence systems, in which material pointlike bodies, not subject to
the action of forces, do not experience acceleration and remain
at rest or in their state of uniform motion along a straight line.
However, Newton’s absolute space or inertial reference system
were actually introduced a priori, without any relation to the
character of the distribution of matter in the Universe.

Mach displayed much courage in seriously criticizing the
main points of Newton’s mechanics. He later wrote that he
succeeded in publishing his ideas with difficulty. Although
Mach did not construct any physical theory free of the dis-
advantages he himself pointed out, he greatly influenced the
development of physical theory. He drew the attention of sci-
entists to the analysis of the main physical concepts.

We shall quote some statements made by Mach [[§], which
in the literature have been termed the “Mach principle”. “No

24Einstein A. Collection of scientific works, Moscow: Nauka, 1965,
vol.2, art.70, p.122.
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one can say anything about absolute space and absolute mo-
tion, this is only something that can be imagined and is not
observable in experiments”. And further: “Instead of referring
a moving body to space (to some reference system), we shall
directly consider its relation to b o d i e s of the world, only
by which it is possible to d e fi n e a reference system. ...even
in the most simple case, when we apparently consider the in-
teraction between only t w o masses, itisimpossible
to become distracted from the rest of the world. ... If a body
revolves with respect to the sky of motionless stars, then there
arise centrifugal forces, while if it revolves round an ot h e r
body, instead of the sky of motionless stares, no centrifugal
forces will arise. I have nothing against calling the first rev-
olution a b s olwute, if only one does not forget that this
signifies nothing but revolution relative to the sky of
motionless stars.”

Therefore Mach wrote: “..there is no necessity for relating
the Law of inertia to some special absolute space. The most
natural approach of a true naturalist is the following: first to
consider the law of inertia as quite an approximate law, then
to establish its relationship in space to the motionless sky of
stars, ...and then one should expect corrections or some devel-
opment of our knowledge on the basis of further experiments.
Not long ago Lange published a critical article, in which he
exposes how it would be possible, in accordance with his prin-
ciples, to introduce a n e w reference system, if the ordinary
rough reference to the motionless starry sky were to become no
longer suitable owing to more precise astronomical observa-
tions. There exists no difference between the opinion of Lange
and my own relative to the t heoretical formal value
of Lange’s conclusions, namely, that at present the motionless
starry sky is the only practically suitable reference
system, and, also, relative to the method of defining a new
reference system by gradually introducing corrections.” [[L§].
Further, Mach quotes S. Neumann: “Since all motions must
be referred to the reference system alpha (the reference sys-
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tem of inertia), it evidently represents an indirect relationship
between all the processes taking place in the Universe, and,
consequently, it contains, so to say, a uniwwersal law which s
Just as mysterious as it 1s complex”. In this connection Mach
notes: “I think anyone will agree with this” [L§].

From Mach’s statements it is obvious that, since the issue
concerns the law of inertia, in accordance with which, following
Newton, “..each individual body, being left to itself, retains its
state of rest or uniform motion along a straight line...”, there
naturally arises the question of inertial reference systems and
of their relations to the distribution of matter. Mach and his
contemporaries quite clearly understood that such a relation
should exist in Nature. Precisely this meaning will further be
attributed to the concept of “Mach’s principle”.

Mach wrote: “Although I think that at the beginning as-
tronomical observations will necessitate only very insignificant
corrections, I anyhow do think it possible that the law of iner-
tia in the simple form given it by Newton plays for us, human
beings, only a limited and transient role.” [I§]. As we shall
further see, Mach did not turn out to be right, here. Mach did
not give a mathematical formulation of his idea, and there-
fore very often diverse authors attribute to Mach’s principle
diverse meanings. We shall try, here, to retain the meaning,
attributed to it by Mach himself.

Poincaré, and later Einstein, generalized the relativity prin-
ciple to all physical phenomena. Poincaré’s formulation [0
goes as follows: “..the relativity principle, according to which
the laws governing physical phenomena should be identical for
an observer at rest and for an observer undergoing uniform
motion along a straight line, so we have and can have no
method for determining whether we are undergoing similar
motion or not.” Application of this principle to electromag-
netic phenomena led Poincaré, and then Minkowski, to the
discovery of the pseudo-Euclidean geometry of space-time and
thus even more reinforced the hypothesis of inertial reference
systems existing throughout the entire space. Such reference
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systems are physically singled out, and therefore acceleration
relative to them has an absolute sense.

In general relativity theory (GRT) no inertial reference sys-
tems exist in all space. Einstein wrote about this in 1929:
“The starting point of theory is the assertion that there ex-
1sts no singled out state of motion, i.e. not only velocity, but
acceleration has no absolute sense”Ed.

Mach’s principle, in his own formulation, turned out not
to have any use. It must, however, be noted that the ideas of
inertial reference systems throughout the space have quite a
weighty basis, since, for instance, in passing from a reference
system bound to the Earth to a reference system bound to the
Sun and, then, further to the Metagalaxy we approach, with
an increasing precision, the inertial reference system. There-
fore, there are no reasons for renouncing such an important
concept as the concept of an inertial reference system. On
the other hand, the existence of the fundamental conserva-
tion laws of energy-momentum and of angular momentum also
leads with necessity to the existence of inertial reference sys-
tems in the entire space. The pseudo-Euclidean geometry of
space reflects the general dynamic properties of matter and
at the same time introduces inertial reference systems. Al-
though the pseudo-Euclidean geometry of space-time resulted
from studies of matter, and therefore cannot be separated from
it, nevertheless, it is possible to speak of Minkowski space in
the absence of matter. However, like earlier in Newtonian me-
chanics, in special relativity theory no answer exists to the
question of how inertial reference systems are related to the
distribution of matter in the Universe.

The discovery of the pseudo-Euclidean geometry of space
and time permitted considering not only inertial, but accelera-
ted reference systems, also, from a unique standpoint. A large
difference was revealed between the forces of inertia and forces

25Einstein A. Collection of scientific works, Moscow: Nauka, 1966,
vol.2, art.92, p.264.

72



caused by physical fields. It consists in that the forces of inertia
can always be equated to zero by choosing an appropriate ref-
erence system, while forces caused by physical fields cannot,
in principle, be made equal to zero by a choice of reference
system, since they are of a vector nature in four-dimensional
space-time. Since the gravitational field in RT'G is a physical
field in the spirit of Faraday-Maxwell, forces caused by such a
field cannot be equated to zero by a choice of reference system.

Owing to the gravitational field having a rest mass, the
main equations of RTG, (5.19) and (5.20), contain, together
with the Riemannian metric, the metric tensor of Minkowski
space, also, but this means that, in principle, the metric of this
space can be expressed via the geometric characteristics of the
effective Riemannian space and, also, via quantities charac-
terizing the distribution of matter in the Universe. This is
readily done by passing in equations (5.19) from contravariant
to covariant quantities. In this way we obtain

m? 87 1 m?
7 7#1/(56) = \/——_Q(ij — 59w T) - Ruy + — Qv - (71)

2 2

Hence, we see that in the right-hand side of the equations
there occur only geometric characteristics of the effective Rie-
mannian space and quantities determining the distribution of
matter in this space.

Experimental investigation of the motion of particles, and
of light, in Riemannian space, in principle, allows to find the
metric tensor of Minkowski space and, consequently, to con-
struct an inertial reference system, also. Thus, RTG con-
structed within the framework of special relativity theory per-
mits to establish the relation between an inertial reference sys-
tem and the distribution matter. For this reason, motion rel-
ative to space is motion relative to matter in the Universe.
The existence of an inertial reference system, determined by
the the distribution of matter, makes acceleration absolute.
We see that the special relativity principle is of general signif-
icance, independent of the form of matter.
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The requirements of this principle in the case of the grav-
itational field are expressed by the condition that equations
(5.19) and (5.20) be form-invariant relative to the Lorentz
group. Lorentz form-invariance of physical equations remains
a most important physical principle in constructing a theory,
since precisely this principle provides the possibility of intro-
ducing universal characteristics for all forms of matter.

A. Einstein wrote in his work of 1950: “...should one not fi-
nally try to retain the concept of an inertial system, renouncing
all attempts at explaining the fundamental feature of gravita-
tional phenomena, which manifests itself in Newton’s_system
as the equivalence of inert and gravitating masses?”Ed. The
concept of an inertial system is retained in RTG, and at the
same time it is shown that the equivalence of inert and grav-
itating masses is a direct consequence of the hypothesis that
the conserved density of the energy-momentum tensor of mat-
ter is the source of the gravitational field. Thus, the equality
between inert and gravitating masses in no way contradicts the
existence of an inertial reference system. Moreover, these con-
ditions organically complement each other and underlie RTG.

Contrary to our conclusion, A.Einstein gave the following
answer to his own question: “Who believes in the compre-
hensibility of Nature should answer — no.” The existence of
inertial reference systems permits resolving Mach’s paradox,
since only in this case can one speak of acceleration relative
to space. V.A.Fock wrote in this connection: jjAs to Mach’s
paradox, it is known to be based on the consideration of a rotat-
ing liquid, having the shape of an ellipsoid, and of a spherical
body that does not rotate. The paradoz arises, here, only if the
concept “rotation relative to space” is considered to be sense-
less; then, indeed, both bodies (the rotating one and the one not
rotating) are apparently equivalent, and it becomes incompre-
hensible why one of them is spherical and the other one is not.

26Einstein A. Collection of scientific works, Moscow: Nauka, 1966,
vol.2, art.137, p.724.
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But the paradox vanishes as soon as we acknowledge the lﬁit-
imacy of the concept of “acceleration relative to space” i El.

Mach’s ideas profoundly influenced Einstein’s views on gra-
vity during the construction of general relativity theory. Ein-
stein wrote in one of his works: “Mach’s principle: the G-field
18 fully determined by the masses of bodies.” But this statement
turns out to be not valid in GRT, since there exist solutions
in the absence of matter, also. Attempts at eliminating this
circumstance by introduction of the A-term did not lead to
the desired result. It turned out to be that equations with the
A-term also have solutions differing from zero in the absence
of matter. We see that Einstein attached a totally different
meaning to the concept of “Mach’s principle”. But within
such an interpretation, also, no place was found in GRT for
Mach’s principle.

Is there any place in RT'G for Mach’s principle as formu-
lated by Einstein? Unlike GRT, in this theory spacelike sur-
faces are present throughout the entire space (global Cauchy
surfaces), owing to the causality principle. And if no matter
is present on one of such surfaces, then the requirement of en-
ergodominance imposed on the tensor of matter will result in
matter always being absent [Pf]. It will be shown in section
10 that a gravitational field cannot arise without matter.

Only solutions of the set of inhomogeneous gravitational
equations have a physical sense, when matter exists in some
part of space or throughout the entire space. This means that
the gravitational field and the effective Riemannian space in
the actual Universe could not arise without the matter that
produced them. Solution of the equations for the metric of
effective Riemannian space in the absence of matter can, for
example, be considered a limit case of the solution obtained for
a homogeneous and isotropic distribution of matter in space,
as the density of matter tends subsequently toward zero. We

27V.A.Fock. Theory of space, time and gravity. M.:Gostekhizdat,
1961, p.499.
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see that Mach’s principle, even as formulated by Einstein, is
realized in relativistic theory of gravity.

There exists, however, an essential difference between the
understanding of the G-field in our theory and in GRT. Ein-
stein understood the G-field to be the Riemannian metric,
while in our opinion the gravitational field is a physical field.
Such a field is present in the Riemannian metric together with
the plane metric, and therefore the metric does not vanish in
the absence of matter and of the gravitational field, but re-
mains the metric of Minkowski space.

In the literature there also exist other formulations of Mach’s
principle, differing in meaning from the ideas of both Mach and
Einstein, but since, in our opinion, these formulations are not
sufficiently clear, we have not dealt with them. Since gravita-
tional forces in RT'G are due to a physical field of the Faraday—
Maxwell type, any common unique essence of the forces of
inertia and of gravity is, in principle, out of the question.

Sometimes the essence of Mach’s principle is seen to con-
sist in that the forces of inertia are determined, allegedly in
compliance with this principle, by interaction with matter in
the Universe. From a field standpoint such a principle cannot
exist in Nature. The point is that, although inertial reference
systems, as we have seen above, are related to the distribution
of matter in the Universe, forces of inertia do not result from
the interaction with matter in the Universe, because any influ-
ence of matter can only be exerted via physical fields, but this
means that the forces produced by these fields, owing to their
vector nature, cannot be made equal to zero by a choice of ref-
erence system. Thus, forces of inertia are directly determined
not by physical fields, but by a rigorously defined structure of
geometry and by the choice of reference system.

The pseudo-Euclidean geometry of space-time, which re-
flects dynamic properties common to all forms of matter, on
the one hand confirmed the hypothetical existence of inertial
reference systems, and on the other hand revealed that forces
of inertia, arising under an appropriate choice of reference sys-
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tem, are expressed via the Christoffel symbols of Minkowski
space. Therefore, they are independent of the nature of the
body. All this became clear when it was shown that special
relativity theory is applicable not only in inertial reference
systems, but also in non-inertial (accelerated) systems.

This made it possible to provide in Ref. [[f] a more general
formulation of the relativity principle: “Whatever physical ref-
erence system (inertial or non-inertial we choose, it is always
possible to indicate an infinite set of such other reference sys-
tems, in which all physical phenomena proceed like in the ini-
tial reference system, so we have and can have no experimental
for determining precisely in which reference system of this in-
finite set we happen to be.” Mathematically this is expressed
as follows: consider the interval in a certain reference system
of Minkowski space to be

do® = 7y, (x)dxtdx”,
then there exists another reference system z’:
2" = f¥(z),
in which the interval assumes the form
do® = 7, (2')dx"dz",

where the metric coefficients 7, have the same functional form
as in the initial reference system. In this case it is said that the
metric is form-invariant relative to such transformations,
and all physical equations are also form-invariant, i.e.
they have the same form both in the primed and in the not
primed reference systems. The transformations of coordinates
that leave the metric form-invariant form a group. In the case
of Galilean coordinates in an inertial reference system these
are the usual Lorentz transformations.

In RTG there exists an essential difference between the
forces of inertia and the forces of gravity consisting in that

7



as the distance from bodies increases, the gravitational field
becomes weaker, while the forces of inertia may become in-
definitely large, depending on the choice of reference system.
And only in an inertial reference system are they equal to zero.
Therefore, it is a mistake to consider forces of inertia insep-
arable from forces of gravity. In everyday life the difference
between them is nearly obvious.

The construction of RT'G has permitted to establish the
relationship between an inertial reference system and the dis-
tribution of matter in the Universe and, thus, to understand
more profoundly the nature of forces of inertial and their differ-
ence from material forces. In our theory forces of inertia are
assigned the same role as the one they assume in any other
field theories.



8. Post-Newtonian approximation

The post-Newtonian approximation is quite sufficient for study-
ing gravitational effects in the Solar system. In this section
we shall construct this approximation. Technically, our con-
struction takes advantage of many results previously obtained
by V.A.Fock 4], and it turns out to be possible to further
simplify the method of deriving the post-Newtonian approxi-
mation.

We shall write the main equations of theory in the form
(see Appendix D)

P Do D™ +m? /=@ = —16mg(T5} +75),  (8.1)
Dy®* =0. (8.2)

where T%) is the energy-momentum tensor of matter; Ty I8
the energy-momentum tensor of the gravitational field.
The expression for the energy-momentum tensor of the

gravitational field can be represented in the form

— 16747 = S5 = 3575 ol — 5ration) Dab
X Dg®" + §°9G,, Do @ Dg® — §G,, D ® Ds®" —

— 8,0 D0 @7 D@ + %nggTUDaéaﬁDﬁéM +

+ Do®P Dy — & Do Db —

~¢ e ~equ 1~5 ~a
= m*(V=9§" = VO + 55 Yap — 5575 vep) - (8:3)

This expression is written in an arbitrary reference system in
Minkowski space. We shall further perform all computations
in the Galilean coordinates of the inertial reference system,

Yo = (1, -1, -1,-1) . (8.4)

In constructing the series of perturbation theory it is nat-
ural to apply as a small parameter such a quantity e that

v~ve Un e T~ el p~él, (8.5)
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Here U is the Newtonian potential of the gravitational field;
IT is the specific internal energy of the body considered; p is
the specific pressure.

For the Solar system the parameter € is of the order of

e ~107°. (8.6)

We shall use the expansions of the components of the den-
sity of the tensor:

2) 4)

O N N (87)
OGN
FU =Y+ Y 4 (8.8)
, @ @
gzk — ;ylk_‘_ (blk_l_ q)Zk + ... (89)

We shall adopt the ideal fluid model of matter, the energy-
momentum tensor of which has the form

T = [p+ p(1 + M)]uu — pg, (8.10)

where p is the invariant density of an ideal fluid;
p is the specific isotropic pressure;
u? is the velocity four-vector.
We shall now write the expansion in the small parameter
€ for the energy-momentum tensor of matter:

(0) (2)
T =7%+ 7% 4 ., (8.11)
. 1. (3),.
TV =% 7% 4 ., (8.12)
@, @)
T =T%+ 7% 4 .. (8.13)

In the Newtonian approximation, i.e., when we neglect the
forces of gravity, we have for the four-vector the following:

u’ =140(€?), u' =v'(1+0(e?)) . (8.14)
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Substituting these expressions into (B.I0) we find

(0) (1).. . (0).
TOO =, TOZ — pUZ, Tzk

=0. (8.15)
In this approximation, on the basis of (5.7), we have

Hence it can be seen that in the Newtonian approximation
the total inert mass of a body is a conserved quantity:

M= /pd?’x . (8.17)

On the basis of equations (B.]) we have in the Newtonian

approximation:
©)

A % = _167p, (8.18)
@ .
A Y = —167p0’ (8.19)
)
A d*F =0, (8.20)

In an inertial reference system the mass of the graviton,
owing to its smallness, plays an insignificant role for effects in
the Solar system, and therefore in deriving equations (BI§) —
(B:20) we did not take it into account. But even in this case
its influence is manifested in that equations (B-3) have to exist
together with the set of equations (B.J]). Such equations in
Galilean coordinates were also applied in V.A.Fock’s theory
of gravity, but unlike the case of RTG, they did not follow
from the least action principle, so it was not clear why pre-
cisely they had to be applied, instead of some other equations.
V.A. Fock chose them as coordinate conditions and applied
them in studying island systems. In RTG these equations
arise from the least action principle, and for this reason they
are universal. It is precisely owing to equations (8.2) that we
obtain a complete set of equations for determining physical

81



quantities. It must be noted that in the general case of a non-
inertial reference system or in the case of strong gravitational
fields the term with the graviton mass m can no longer be
dropped. Thus, for example, even for a static body in the
region close to the Schwarzschild sphere the influence of the
graviton mass is very significant, so it can no longer be ne-
glected.
The solution of equations (B.1§) — (B.20) has the form

2)

0 — 41 U:/) L (8.21)
|z — |
O — 4y, V%:—/————ff, (8.22)
|z — /|
@
d*F =0, (8.23)

On the basis of equations (B.3) we have

2) ®)
D P +0; " =0, (8.24)

Substituting (B:21)) and (§:23) we find
U —0;V'=0. (8.25)

Hence, it is evident that differentiation of the potential U with
respect to time increases the order of smallness in €. We shall
take advantage of this circumstance in calculating the energy-
momentum tensor of the gravitational field, 7'5)‘. We note that
equation (B.29) is satisfied identically by virtue of equations
(EI0).

From (B:29) and (B:23) it follows that of all the density

@)

components of the tensor ® only the component P deter-
mined by expression (B.21]), is seen to remain in the second
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approximation. Precisely this circumstance significantly sim-
plifies the method of finding the post-Newtonian approxima-
tion, when at each stage of the construction we make use of
the densities of tensor quantities.

Making use of (B:21)) — (B:23) with a precision up to the
second order inclusively we obtain

V=99" = 1+4U, V=gg" =
=V=99" =V—g9" =-1. (8.26)

Hence, we have
—g=1+4U, (8.26a)

consequently,
goo =1—2U, gi1 = g2 = g33 = —(1+2U) . (8.27)

We see from (8.26) that in the Newtonian approximation,
when it suffices to consider only one component of the density
of the tensor of matter, 7%, the gravitational field is described,
as it was expected, by only a sole component ®%, while the
metric tensor g, has in this approximation, also, several com-
ponents, in accordance with (8.27). Working with the field
components P, instead of the metric tensor 9w, significantly
simplifies the entire computational process of constructing the
post-Newtonian approximation. Precisely for this reason, in-
troduction of the density of the tensor of the gravitational field
®# is important not only from a general theoretical point of
view, but from a practical standpoint, also. Thus, the metric
tensor of the effective Riemannian space is

goo = 1 —2U, goi = 4viV*, gix = yir(1+2U) . (8.28)

From expression (B.21]) for U it follows that the inert mass
(B-17) is equal to the active gravitational mass. In RTG, as we
have seen, this equality arose because the energy-momentum
tensor is the source of the gravitational field.
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We shall now proceed to construct the next approximation
for the component of the metric tensor gog. For this purpose we
shall find the contribution of the energy-momentum tensor of

the gravitational field. Since in expression (8.3) it is necessary
@)

under the derivative sign to take into account only ® %, the

first term in (8.3) will give a contribution equal to

2(grad U)?, (8.29)
while the second term contributes
— 16(grad U)?. (8.30)

The contribution from all the remaining terms in this approx-
imation will be zero. Discarded are also the terms with time
derivatives of the potential U, since, owing to (B.27), they are
also all of a higher order of smallness in e. From (B.29) and
(B-30) we have

— 16mg7,)” = —14(grad U)* . (8.31)
Making use of (B:31]), equation (B.I]) for component ®% in this
approximation assumes the form

@
A O = 167gT™ + 14(grad U)? + 493U . (8.32)

Since on the basis of (B.2§) the interval equals the following in
the second order in e:

1 .
ds = dt(l —-U+ 51)1'1)2) y (833)
we hence obtain
dt 1
V=2 =1 — —u0" . .34
U= +U 5 Vi (8.34)

Substituting this expression into (BI0) we find

(2) -
T% = p[2U + 11 — v;0"] . (8.35)
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On the basis of (8.26a) and (B.33) we obtain from equations
(B32) the following:

@) .
A &Y = —967pU + 167 pvyv’ +

+14(grad U)? — 16mpll + 403U . (8.36)
Now we shall take advantage of the obvious identity
(gradU)* = %AU2 —UAU . (8.37)
But, since

AU = —4mp (8.38)

then equation (8.36), upon utilization of (§.37) and (B.39),
assumes the form

(@) ,
A(DP —7U%) = 167 pviv’ — 40mpU — 167pll + 495U . (8.39)

Hence, we have

4 1 U
O = TU? 4 4B, + 10Dy + 4D, — ;ag/ oo (840)
where
o U
O, = — e &z, Dy = P a3,
|l — 2| |x — 2| (8.41)
b, = / il d>x' |
’ lz— 2|

Thus, in the post-Newtonian approximation we find:

G =1+4U + TU? 4 4@, + 10D, +

+ 4Py — %ag/ z _UI/|d3g:’. (8.42)
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We now have to find the determinant of g in the post-Newtonian
approximation. To this end we represent §* in the form:

. @
gzk — ;Vk‘i‘ (I)Zk. (843)

It must be especially underlined that calculation of the deter-
minant of ¢ is most readily performed if one takes advantage
for this purpose of the tensor density g and takes into ac-
count that

g = det(g"") = det(gu) - (8.44)

From (8.42) and (B.43) we find

3
\/—g:1+2U+§U2+2<I>1+5<I)2+

1 1 U
2@——@——2/ B 4
+ 3 2 27_‘_80 ‘x — x/‘ X (8 5)
Here
@ W @
O =0+ P4 ¢, (8.46)

Since in the considered approximation ggog” = 1, from ex-
pressions (8.42) and (8.45) we obtain

5
90021—2U+§U2—2(I>1—5®2—
U

|z — |

>z’ (8.47)

1. 1,
203 — S0+ - |
For determining ggg we need to calculate the quantity ®. Since
@ in accordance with (B:4G), was derived by summation, it is
possible to make use of equation (B-J)) and by summation to
obtain directly equations for function ®.

From expression (8.3) by summation we derive from the
first term the following expression:

— 16mgr,’ = —2(grad U)2. (8.48)
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All the remaining terms present in expression (8.3) give no
contribution in this approximation. With the aid of expression
(B-10) for the energy-momentum tensor we find

2)

—16mg T = —16mpv;v’ + 487p . (8.49)

Taking into account (B.4§) and (B.49), we write the equation
for ® as follows:

A® = 16mpvv’ — 487p + 2(grad U)2. (8.50)

Taking advantage of identity (B.37) and of equation (B.3§) we
obtain

A(® — U?) = 16mpvv’ + 8mpU — 48mp . (8.51)
Hence, we find
D =U?+ 49, — 20, + 129, (8.52)

where

(I)4 = / P dgllf/.

|z — |
Substituting expression (§-52) into (8.47) we have
Goo =1 —2U +2U?% — 40, — 4®, —
1 U
20y — 601 + -0 / &, (8.53)
m

|z — |

Making use of the identity

1
_/ U dgl'/:—/p|l'—£8,|d3£lfl,
2m

|z — 2|

we write expression (8.53) as
Goo =1 —2U +2U% — 40, — 4®, —
20y — 6B, — O /p|x — 2| (8.54)
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The solutions (8.54) and (B.2§) are calculated in an iner-
tial reference system in Galilean coordinates. The effective
Riemannian metric that arises is due to the presence of the
gravitational field, while the forces of inertia are totally ex-
cluded. It is quite obvious that these solutions retain their
functional form in the Galilean coordinates of any inertial ref-
erence system. Since all physical quantities are independent
of transformations of the time variable, then if the following
transformation is applied:

20 =2 + (), 2" = 2", (8.55)
the metric coefficients will change as follows:

goo = Goo — 2001", 9o = goi — On°, iy, = Gin. - (8.56)
It must be noted that transformation (8.55) does not take us
beyond the inertial reference system, since such a transfor-
mation is nothing but another choice of clock. All physically

measurable quantities are independent of this choice.
Assuming function n° to be

1
n’ = —§8O/p|x — 2| d*, (8.57)
and taking into account the identity

1
0; 77 = (VZRV — N )
/pU k_xk ( _x;)d?’x’
|z — /|3
upon substitution into (8.5() of expressions (B.2§) for go; and
ga and, also, of expression (8.54) for ggo, and taking into ac-
count(B.57) and (B.5§), we find the metric coefficients of effec-

tive Riemannian space in the so-called ”canonical form”:

Joo = 1-— 2U+2U2 —4(1)1 —4(1)2 — 2(1)3 —6(1)4,
7 1
goi = §%ka + §Ni7 (8.59)

gix = Yie(1 +2U) .

(8.58)
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These expressions coincide precisely with the formulae that
are obtained on the basis of GRT. The difference only consists
in that here they follow exactly from RTG, while for deriving
them from GRT equations it is necessary to apply additional
assumptions, that do not follow from theory, i.e. it is necessary
to go beyond the limits of GRT. But we shall specially deal
with this issue.

In the case of a static spherically symmetric body the
post-Newtonian approximation at a distance from the body
assumes, in accordance with (8.59), the form

2MG MG\?
90021—74‘2( )790@':07

MO (8.59a)
Jik = Vik <1 +— ) , M= /p(m)dgaz.

On the basis of expressions (8.59) the post-Newtonian No-
rdtwedt—Will parameters in RT'G assume the following values:

y=L8=lai=m=a3=(=8=8=§=w =0.

We have calculated the metric coefficients (8.59) in RT'G in an
inertial reference system. We shall now present the expressions
for the components of the energy-momentum tensor of matter
in the next approximation, as compared with (B.I9). Taking
into account expression (§.34) for u° and, also, that

. da , 1
ut = dzs =v'(14+U — §vkvk) , (8.60)
we find from formula (B:1I0)
(3)0. . & .
TV = pv*(2U + 11 — vp0™) + po', (8.61)
(2). . .
T* = pv'vk — py*, (8.62)

(2)
The component T is determined by expression (§39).
On the basis of expression (8.59), making use of the equations
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for the geodesic line, it is possible to calculate all effects in
the Solar system. When gravitational effects in the Solar sys-
tem are calculated in GRT on the basis of the post-Newtonian
approximation, the results obtained are correct, and no ambi-
guity is present in the description of the effects. At the same
time, if the exact solutions of GRT are applied, ambiguity
arises in the description of the effects.

In conclusion we shall deal in somewhat greater detail with
the comparison of RT'G and GRT in analyzing effects occurring
in a weak gravitational field. The set of equations (B.]) and
(B:7) together with the equation of state determines all the
physical quantities of one or another gravitational problem.
All the calculations performed above in the post-Newtonian
approximation were made in an inertial reference system. In
GRT there in principle exists no inertial reference system. In
this connection A. Einstein wrote: “The starting point of the-
ory consists in the assertion that there exists no state of motion
physically singled out, i.e. not only velocity, but acceleration,
also, have no absolute meaning” B3, But if no inertial reference
system exists, to which reference system must one consider
calculations performed within GRT to pertain?

In calculating gravitational effects V. A. Fock made use
of the harmonicity conditions in Cartesian coordinates. He
called them coordinate conditions. Thus, in a work published
in 1939 [P4] he wrote: “In solving FEinstein’s equations we
took advantage of a reference system, which we have termed
harmonic, but which merits being called inertial.” Further in
the same article he noted: “It seems to us that the possibil-
ity of introducing in general relativity theory a definite inertial
reference system in an unambiguous manner is noteworthy.”
And, finally, in Ref. 23] he wrote: “The relativity principle
expressed by the Lorentz transformations is possible in inho-

28Einstein A. Collection of scientific works, Moscow: Nauka, 1966,
vol.2, art.92, p.264.
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mogeneous space, also, while a general relativity principle is
not possible.”

All these statements of V. A. Fock were due to his aspira-
tion to clarify the essence of GRT, freeing it of general rela-
tivity devoid of any physical meaning. However, V. A. Fock,
here, actually went beyond the limits of GRT. Precisely owing
to this fact he arrived at the striking conclusion on the vali-
dity of the relativity principle in inhomogeneous space, also.
If one remains within Riemannian space, and no other space
exists in GRT, then this assertion contradicts the correct con-
clusion made by V. A. Fock “that in general relativity theory
there, generally speaking, exists no relativity.” [23]. But to
realize his goal it is necessary to introduce the concept of a
gravitational field in Minkowski space. Where did V. A. Fock
go beyond GRT? In applying the conditions of harmonicity he
actually considered Cartesian coordinates:

g
o 0, (8.63)

where z# are Cartesian coordinates. In Cartesian coordinates
v(x) = dety,, = —1. Therefore, in accordance with the tensor
law of transformations we have

ozt dx¥  §*%(y)

g () = o o — : (8.64)

We shall write equations (8:63) in the form

s dy™ O0g"(x
0, () = 2 01D)

9 oy (8.65)

For further calculations we present the formulae

9, 1 1 0z Oy”
A =L (566
W( —v(y)) T e O
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Upon substitution of (B.64) into (B.67) and taking into account
(B-60)) we obtain
1 o 05 (y)

05" () = N
1 9%z
f— By =2 —0. 8.67
) (5.67)

We shall write the multiplier of the second term in the form
Oz Oz OyT  O*a” oz
Oy oyP - dye  Oxm  Oy*dyP - oy° *ap -
Substituting this expression into the preceding one we find

. 1 0z” (09 (y) .
W) — . o (NaB(y) )| =
8#9 (LU) \/_—7 aya < aya + Vaﬁ (y)g (y) 0 )

l.e. we have

1 oz

0" (1) = o= D) =0 (869

Thus, we have established that the density of the tensor
§"?(y) in arbitrary coordinates automatically satisfies the gen-
eral covariant equation

D}\g)\a =0 ;

if the initial condition of harmonicity (B.63) is written in Carte-
sian coordinates. But this means that the harmonicity con-
dition is not a coordinate condition, but a field equation in
Minkowski space. Thus, application of the condition of har-
monicity in Cartesian coordinates is not an innocent opera-
tion, but it implies going beyond the framework of GRT by
introduction of Minkowski space.

The obtained equation coincides with equation (5.20) of
RTG. In RTG it follows from the least action principle. Per-
forming transformation from coordinates y to coordinates z
we obtain (see Appendix (E.12))

a,@(

0y = =725 9*(v),
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where O denotes the operator

R
0= “g(z) 02" T 97 )

Therefore, when V. A. Fock wrote down the harmonicity con-
ditions in the form
oyt =0,

he actually dealt with Cartesian coordinates, for which
Ya3(y) = 0, ie. with Minkowski space in Galilean coordi-
nates. In choosing harmonic coordinates in the form of con-
ditions (8.63) V. A. Fock actually made use of Minkowski
space in Galilean coordinates, while equations (8.63) played
the part of field equations, instead of coordinate conditions.
But why it was necessary to add to the Hilbert—Einstein equa-
tions precisely equations (8.63) in Galilean coordinates, in-
stead of some others, in order to obtain the complete set of
gravity equations within V.A.Fock’s approach, remained un-
clear. Here, V.A.Fock was most likely guided by physical intu-
ition, and also by the mathematical simplification that arose
in the course of calculations.

Did V. A. Fock attempt to consider the gravitational field
in Minkowski space? No, he was far from this idea, and in this
connection he wrote [P4]: “We recall it here only in connection
with the sometimes observed tendency (certainly not shared by
us) to pack the theory of gravity into the framework of Eu-
clidean space.” As we have seen, application of the conditions
of harmonicity in Cartesian coordinates makes us go beyond
the framework of GRT. But this means that the set of equa-
tions of gravity, studied by V. A. Fock, differs from the set of
equations of GRT, i.e. V. A. Fock’s theory of gravity based
on the conditions of harmonicity in Cartesian coordinates and
Einstein’s GRT are different theories. V. A. Fock’s approach
turns out to be closer to the ideas of RTG. Everything that
V. A. Fock attempted to introduce in the theory of gravity (in-
ertial reference systems, acceleration relative to space) is fully
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inherent in RTG, but this is achieved by consideration of the
gravitational field, like all other physical fields, in Minkowski
space. Here, all the geometric characteristics of Riemannian
space are now field quantities in Minkowski space.

In analyzing gravitational effects in the Solar sys-
tem V.A. Fock actually made use of Minkowski space, since
he referred all the calculated gravitational effects to an iner-
tial reference system. Precisely this circumstance permitted
him to obtain correct expressions for the effects. Thus, for ex-
ample, he wrote [RF]: “How should one define a straight line:
as a light ray or as a straight line in that Fuclidean space in
which the harmonic coordinates x1,xq,x3 serve as Cartesian
coordinates? We think the second definition to be the only cor-
rect one. We actually made use of it in saying that a light ray
has the shape of a hyperbola in the vicinity of the Sun”, and
further on, “the argument that a straight line, like a ray of
light, is more directly observable, but it has no sense: in the
definitions it is not the direct observability that is decisive, but
the correspondence to Nature, even though this correspondence
may be established by indirect reasoning.”

In RTG gravitational effects are determined unambigu-
ously, because in accordance with equations (B-]) and (83)
written in the Galilean coordinates of an inertial reference sys-
tem, the motion of light or of a test body, when the gravita-
tional field is switched off, indeed proceeds along a straight
line, which is a geodesic line in Minkowski space. It is abso-
lutely clear that in a non-inertial reference system the geodesic
line in Minkowski space will no longer be a straight line. But
this means that in RTG, in an non-inertial reference system,
for revealing a gravitational effect motion in effective Rieman-
nian space must be compared precisely with the geodesic mo-
tion of the accelerated reference system.

In calculating gravity effects in the Solar system, when the
influence of the graviton mass can be neglected, only the RTG
set of equations (B.J]) and (B.d) in Galilean coordinates coin-
cides with the set of equations dealt with by V. A. Fock in
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harmonic (Cartesian) coordinates. If one remains within the
framework of GRT, then in any other, for instance non-inertial,
reference system they differ essentially. This takes place be-
cause the covariance of V. A. Fock’s set of equations is not
general, unlike the set of RT'G equations. V. A. Fock obtained
the complete set of gravitational equations (for island systems)
by adding the harmonicity conditions to the Hilbert-Einstein
equations. But why must precisely the harmonicity condi-
tions be added, instead of some other conditions, remained
unclear. In accordance with RTG, the complete set of gravi-
tational equations (8.1) and (8.2) arises from the least action
principle. Hence it becomes clear, why conditions (8.2), which
in Cartesian coordinates coincide with the harmonicity condi-
tions, arise, instead of some other conditions. But these equa-
tions become universal, valid not only for island systems. But
if V. A. Fock had realized that in applying the harmonicity
conditions he actually had to deal with Cartesian coordinates
of Minkowski space, he would have readily obtained expression
(B.68). As we already noted earlier, the harmonicity conditions
in Cartesian coordinates successfully applied by V. A. Fock
took him beyond the framework of Einstein’s GRT. This fact
was noted in 1957 by L. Infeld who wrote: “Thus, for Fock
the choice of the harmonicity coordinate condition becomes a
certain fundamental law of Nature, which alters the very char-
acter of Finstein’s general relativity theory and transforms it
into a theory of the gravitational field, valid only in inertial
reference systems”Ed.

If one remains within the framework of GRT, then it is ab-
solutely incomprehensible, from the point of view of physics,
why it is necessary to choose the harmonicity conditions, in-
stead of any other conditions. While in RTG, owing to the
existence of the graviton mass, these conditions arise as a con-
sequence of the validity of the equations for matter [see (5.7)

29L.Infeld. Most recent problems in gravity. M.:Foreign literature
publishers, 1961, p.162.
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and (5.17)], i.e. they follow from the least action principle, and
they therefore have universal significance. However, in GRT
similar expressions for the post-Newtonian approximation are,
nevertheless, obtained without application of the harmonici-
ty conditions in Cartesian coordinates. Why is this so? The
reason consists in that Minkowski space in Galilean coordi-
nates is once again introduced and that the gravitational field
is actually considered as a physical field in this space.

The metric of Minkowski space in Galilean coordinates is
taken as the zero order approximation for the Riemannian
metric. It is complemented with various potentials with arbi-
trary post-Newtonian parameters, each of which decreases like
0(3). In this way the arbitrariness contained in GRT is dis-
carded. Substitution of the Riemannian metric g,,, in this form
into the Hilbert-Einstein equation permits one to determine
the values of the post-Newtonian parameters, and we again
arrive at the same post-Newtonian approximation. Precisely
here gravity is considered to be a physical field in Minkowski
space, the behaviour of which is described by the introduced
gravitational potentials. Such a requirement imposed on the
character of the metric of Riemannian space does not follow
from GRT, since in the general case the asymptotics of the
metric is quite arbitrary and even depends on the choice of
the three-dimensional space coordinates. Therefore it is im-
possible to impose physical conditions on the metric. But if
it is effective and its arising is due to the physical field, then
the physical conditions are imposed on the metric in a natural
manner.

In RTG the gravitational equations (5.19) and (5.20) are
generally covariant, but not form-invariant with respect to ar-
bitrary transformations. They are form-invariant relative to
the Lorentz transformations. But this means that in Lorentz
coordinates, in case the solution G(z) exists for the tensor of
matter 7}, (x), there exists, in the new Lorentz coordinates 2/,
the solution G'(2') for the tensor of matter 7, ('), and, con-
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sequently, in the coordinates x the solution G’(x) is possible
only for the tensor of matter 7}, (z).

In RTG a unique correspondence is established between the
Riemannian metric and the Minkowski metric, which permits
one to compare motion under the influence of the gravitational
field and in its absence, when calculation is performed of the
gravitational effect. When the gravitational field is switched
off in RTG the Riemann tensor turns to zero, and at the
same time transition occurs from Riemannian metric to the
Minkowski metric, previously chosen in formulating the phys-
ical problem. This is precisely what provides for the equiva-
lence principle to be satisfied in RTG.

For calculation of the gravitational effect it is necessary to
compare motion in Riemannian space with motion in absence
of the gravitational field. This is precisely how the gravita-
tional effect is determined. If in GRT one refers the set of
solutions for g,, to a certain inertial reference system, then it
is quite obvious that one will obtain a whole set of various val-
ues for the gravitational effect. Which one of them should be
chosen? Since the Hilbert-Einstein equations do not contain
the metric of Minkowski space, it is impossible to satisfy the
equivalence principle, because it is impossible to determine, in
which (inertial or non-inertial) reference system one happens
to be, when the gravitational field is switched off.

To conclude this section we note that the post-Newtonian
approximation (8.59) satisfies the causality principle (B.11)).



9. On the equality of inert and
gravitational masses

Owing to the density of the energy-momentum tensor being
the source of the gravitational field, the inert and gravitational
masses were shown in section 8 to be equal. In this section we
shall show that the field approach to gravity permits obtaining
in a trivial manner the metric of effective Riemannian space in
the first approximation in the gravitational constant G. This
is especially simple to establish on the basis of equations (2.2).
In the case of a spherically symmetric static body, equations
(2.2) have the following form in the Galilean coordinates of an
inertial reference system:

AP — 1290 = —167¢%, (9.1)
APY — m2®% =0, AP — 2% =0, i,k=1,2,3. (9.2)

For a static body the sole component % differs from zero.
From equations (0-3) we have

P =0, *=0. (9.3)
Far away from the body, from equation (P-]]) we find
AM

r

P ~ e M= /toodgx, (9.4)
M is the inert mass of the body, that creates the gravitational
field. In the Solar system the exponential factor can be ne-
glected, owing to the quantity mr being small.

~ 4M

P~ —— (9.5)

r
We shall now find the components of the density of the

metric tensor of effective Riemannian space, g*”. On the basis
of (2:§) we have

e N (9.6)
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Hence, taking into account (0.3) and (0.3), we obtain the fol-
lowing g"” components, that differ from zero:

POl =g

M 2_gho 1 (97)

They satisfy equation (2.3) exactly. On the basis of (P.7) we
find

3

goo = o 91 =92 =93 = V9. (9-8)

T

1+

AM

—g= — §00§11§22§33 = (1 + T) . (9_9)

Substituting the expressions for ¢ into formulae (D.§) we obtain

2M 2M
goo =~ (1 - T) ;911 = g22 = g33 = — (1 + —> . (9.10)

r

It must be especially underlined that at the place, where
in accordance with Newton’s law of gravity there should be
an active gravitational mass, there appears the inert mass M.
Thus, the equality of the inert and active gravitational masses
is a direct consequence of the density of the energy-momentum
tensor being the source of the gravitational field. So the reason
that the inert and gravitational masses are equal is not the lo-
cal identity of the forces of inertia and of gravity (this actually
does not occur in GRT), but the universality of the conserved
source of the gravitational field, of the energy-momentum ten-
sor of matter.

The interval in effective Riemannian space has the form

2M 2M
ds? = <1 _ —> dr — <1 + —) (d2® + dy? + dr?) . (9.11)
r r
Classical effects of gravity, such as the gravitational red shift
of spectral lines, the deviation of a light ray by the Sun, the
time delay of a radiosignal, the precession of a gyroscope on
the Earth’s orbit, are fully described by this interval.
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From expression (0.10) it is evident that the forces of gra-
vity are attractive, since the quantity M, being an inert mass,
is always positive. As to GRT, in accordance with this theory
it is not possible to prove the equality of inert and active grav-
itational masses. A detailed analysis of this issue is presented
in joint works performed with prof. V. I. Denisov. This cir-
cumstance is dealt with in detail in the monograph [[[(]. The
essence of the issue consists in that the expression for inert
mass, determined from the pseudotensor of the gravitational
field, depends on the choice of the three-dimensional coordi-
nates, which is physically inadmissible. Precisely by a simple
choice of three-dimensional space coordinates (which is always
permitted) one can show that in GRT inert mass is not equal
to active gravitational mass. Since the equality of physically
measurable quantities in GRT depends on the choice of the
three-dimensional coordinates, this means that not everything
in it is alright here, also. Sometimes the opinion is voiced
that within the framework of GRT it is possible to construct
the energy-momentum tensor of the gravitational field by sub-
stitution of covariant derivatives in Minkowski space for the
ordinary derivatives in the expression for the pseudotensor.
However, here, on the one hand, it is impossible to say with
definiteness which metric in Minkowski space must be taken
for such a substitution, and, on the other hand, in Riemannian
space no global Cartesian coordinates exist, and, consequently,
no Minkowski space, so such an approach does not remove the
essential difficulty of GRT: the absence of integral conserva-
tion laws of energy-momentum and of angular momentum for
matter and gravitational field taken together.



10. Evolution of the homogeneous
and isotropic Universe

We write the equations of RT'G in the form

m? 87 1
RMV - 7(9;11/ - ’}/uu) = \/—_—g <Tuu - §gw/T) ; (101)
D, §" =0. 10.2
I

For convenience we have chosen the set of units
G = h = ¢ = 1. In the final expressions we shall restore the
dependence upon these constants. The density of the energy-
momentum tensor has the form

dxz”

Tow =V=9llp+2)UUs = gupl, U"=—=.  (10.3)

Here p is the density of matter, p is pressure, ds is the in-
terval in effective Riemannian space. For a homogeneous and
isotropic model of the Universe the interval of effective Rie-
mannian space ds has the general form

dr?
1 —kr?

ds* = U(t)dt* -V (t) + r4(dO? + sin® ©Odd?)| . (10.4)

Here k assumes the values 1, —1,0; k& = 1 corresponds to the
closed Universe, k = —1 — to the hyperbolic Universe, and
k =0 — to the “flat” Universe.

Since the set of RT'G equations ([[0.]]) and ([0.9) together
with the equation of state is complete, then in the case of
appropriate initial conditions it can yield only a single solution
describing the development of a homogeneous and isotropic
model of the Universe. At the same time the equations of GRT
for the same model yield three well-known scenarios for the
development of the Universe. The scenario of the development
of the Universe obtained on the basis of the RT'G does not
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coincide with any of the scenarios based on GRT. We shall
follow [BT].

All our analysis will be made in an inertial reference sys-
tem in spherical coordinates r, @, ®. An interval in Minkowski
space, in this case, will have the form

do?® = dt* — da? — dy? — d2* =
= dt* — dr® — r*(d©?* + sin® ©dP?) . (10.5)

The determinant g, composed of components g,,,, equals
g=—-UV?*1—kr*)"'r"sin? ©. (10.6)

The tensor density
g = =99 (10.7)

has, in accordance with ([L0.4)), the following components:

4173
~00 v .
- —  .sn®
g U(l — kr?) S
gt = —r*\JUV (1 — kr2) -sin© ,
(10.8)
uv
~29 .
I =152 -8in O,
~33 _ UV . 1
= V1—kr? sin®'
The Christoffel symbols of Minkowski space are
1 1 .2 2 3 _ 1
Yoo = =T, a3 = —Tsin” O, 7y =715 = —
) , , T (10.9)
V33 = —sin©cos O, vy, =cotO .
Equation ([[0.7) has the form
D" = 0,3" + 7053 =0 (10.10)
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Substituting (10.9) into ([[0.10) we obtain

o (V3
e <7> —0, (10.11)
0

E(ﬁ\/l — kr?) = 2r(1 — kr?) V2, (10.12)

From equation ([[0.17]) it follows
V =aU"?,

here a is an integration constant.
From equation ([[0.12) we directly find

k=0, (10.13)

i.e. the space metric is Euclidean. It must be stressed that
this conclusion for a homogeneous and isotropic Universe fol-
lows directly from equation ([0.2) for the gravitational field
and does not depend on the density of matter. Thus, equa-
tion ([0.3) excludes the closed and hyperbolic models of the
Universe. A homogeneous and isotropic Universe can only
be “flat” according to RTG. In other words, the well-known
problem of the Universe’s flatness does not exist within the
framework of RTG. With account of ([[0.11]) and ([[0.13) the
effective Riemannian metric ([0.4) assumes the form

ds? = U(t)dt* — aU"3[dr? 4 r*(d©* + sin> ©dd?)] . (10.14)
If one passes to the proper time dr
dr = VUdt (10.15)
and introduces the notation
R2=UY3(1), (10.16)
the interval ([[0.14) assumes the form

ds® = dr* — aR?*(7)[d2® + dy? + d2?] . (10.17)
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Here and further in this section R is a scaling factor. We are
compelled to make use of the notation adopted in the litera-
ture for this quantity, in spite of the fact that in the previous
sections R stood for the scalar curvature. For the given metric
the Christoffel symbols assume the form

1
[y =—r, Ty =—rsin®O, I'l, =I5 = -,
) , ) " (10.18)
['33 = —sin®cosO, I'y; =cot O ,
dR . 1dR
MW =eqR—, T =—— {=1,23. 10.19
1 a dT7 07 RdT’ ? ) <y ( )

Making use of expression ([.13) we have

3 d°R drR\* R
Boo =~ g2 fn =20 <E> T (10.20)
Ry =1°Ry1, Rsz =sin®© - Ry, Ry =0, .
6 d®R 6 [dR\
R . 10.21
Bwd™ = "R 2 " R <d7> o2

Since go; = 0, Ry; = 0, then from equation ([[0.1]) it follows
directly that
Ty = 0. (10.22)

Hence on the basis of ([[0-3) we have
U, =0. (10.23)

This means that matter is at rest in an inertial reference sys-
tem. Thus, the so-called “expansion” of the Universe, observed
by the red shift, is due to the change of the gravitational field
in time. Therefore, there exists no expansion of the Universe,
related to the motion of objects with respect to each other.
The red shift is not due to the motion of galaxies, which is
absent, but to the variation of the gravitational field in time.
Therefore, the red shift does not indicate that the galaxies
were at a time close to each other. At the same time, in
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accordance with GRT “All versions of the Friedman model
have in common that at a certain moment of time in the past
(ten—twenty thousand million years ago) the distance between
adjacent galaxies should have been equal to zero”H. We, here,
have quoted S. Hawking, and below we shall establish the rea-
son for the difference between the conclusions concerning the
development of the Universe in RTG and GRT. We shall now
deal in a somewhat greater detail with the nature of the red
shift.

From ([[0.17) it follows that the speed of a light ray equals

dr 1

dr ~ aR(r)

Let us put the observation point at the origin of the reference
system (r = 0). Consider a light signal emitted from point
r during the time interval between 7 and 7 + d7, and let its
arrival at the point » = 0 take place during the time interval
between 7y and 7y + d7p; then, for light emitted at moment 7
and arriving at the point » = 0 at the moment 75 we have

similarly, for light emitted at a moment 7+ d7 and arriving at
the point » = 0 at the moment 7y + d7y we find
T0+dT0 d7-
R(7)

T+dT

— Var.

Equating these expressions we obtain

dr d’TQ

R(t)  R(m)

30S. Hawking. From the Big Bang to Black Holes. M.:Mir, 1990,
p.46.
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Or, passing to the light frequency, we have

_ Bn) |
R(7) ™"

Hence, it is obvious that the light frequency w at the point of
emitting is not equal to the frequency of the light wy at the
point of observation.

Introducing the red shift parameter z

W — W
z = s
Wo

we have
z = B(m) — 1.
R(T)

We see that the red shift is only related to variation of the
scaling factor R(7), in the case of such variation there exists
no motion of matter, in accordance with ([[0.23). Thus, the
nature of the red shift is not related to the scattering of galax-
ies, which is absent, but to variation of the gravitational field
with time, i.e. it is related to the fact that R(m) > R(7).

It must be especially stressed that a given inertial reference
system is singled out by Nature itself, i.e. in the considered
theory the Mach principle is satisfied automatically.

Substituting (10.20) and ([0.3) into equation ([0.]]), with
account of ([[0.23), we have

2
S (p+3—p>—2w(1—i) , (10.24)

R dr2 3 c? R6
1dR\> &G w 3R4
—— ] =—p— — 1" +2R°| . (10.2
<Rd7‘> 3 P R6< a +R> (10.25)
where )
1 (mdc?
= —— . 10.2
w 12( . ) (10.26)

From (10.24) it is seen that for small values of the scaling
factor R there arises an initial acceleration owing to the sec-
ond term. This is precisely what “incites” the “expansion” of
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the Universe. The initial acceleration appears at the moment
when the density of matter stops growing in the preceding cy-
cle. From (10.25) it follows that in the region R >> 1 the
contemporary density of matter in the Universe equals

pl) = pu(r) + (%) , (10.27)

where p.(7) is the critical density determined by the Hubble
“constant”

3H?(T) 1 dR

Hence, the necessity for the existence of “dark” matter, which
is in accordance with modern observational data.

From equations (10.24) and (10.25) one can obtain the ex-
pression for the deceleration parameter of the Universe, ¢(7):

R 1 1 1 /c¢\?/me\?
q__RH2_2+4<H> <h) ‘ (10.29)
Thus, the parameter ¢ at present is positive, i.e. “expansion”
of the Universe has slowed down, instead of being accelerated.
The relation ([[0.29) makes it possible, in principle, to deter-
mine the mass of the graviton from two observable quantities,
H and ¢. From the causality principle (£.10), (B.11]) it follows
that
R*R*—a)<0. (10.30)

To satisfy the causality condition throughout the entire region
of variation of R(7) it is natural to set

a= R

max*

(10.31)

From the condition that the left-hand side of equation (10.25)
is not negative it follows that the expansion should start from
some minimum value R,;,, corresponding to the value % =0.
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On the other hand, if R >> 1, the expansion should stop at
Ryyax, when the density ([0.27) reaches its minimum value

1 mc? 2 1
P I 1 — . 10.32
Prmin 167TG< h ) ( R?na) (10.32)

and the process starts of compression down to R;,.

Thus, in RTG there exists no cosmological singularity, and
the presence of the graviton mass results in the evolution of
the Universe exhibiting a cyclical character. The time required
for the Universe to expand from the maximum to its minimum
density is mainly determined by the stage at which nonrela-
tivistic matter is dominant and is

2 mh

—— . 10.
3 mc? (10.33)

~
Tmax —

From the covariant conservation law, that is a consequence of
equations (5.19), (5.20)

VT +T4T* =0
it is possible to obtain the equation
1dR 1 dp
Rdr  3(p+%&)dr’
For the stage of development of the Universe dominated by
radiation

(10.34)

L o
= —pc
p 3/)
from equation ([0.34) we obtain the following expression for

the radiation density p,:

A
o (T) = —— . 10.35
) = i (10.35)
Here A is an integration constant. At the stage of development
of the Universe, when nonrelativistic matter is dominant and

pressure can be neglected, from equation ([[0.34) we find

() = Rf(i) , (10.36)
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B is an integration constant.
Consider that at a certain moment of time 7, the radiation
density p,.(m0) becomes equal to the density of matter, p,,(7)

pr(T0) = pm(70) (10.37)

then
A= BR(T0> = BRO

Since at later stages of the development of the Universe matter
is dominant, we have from formula ([[0.36) the following:

B = puin - B2 .. (10.38)
Thus,
minR . R3
pap =B R <R, (10.39)
R 3
D D = Parin (%) . R>R,. (10.40)

According to observational data (see, for example, [BJ]), the
present-day density of radiation (including the three sorts of
neutrinos, which we for definiteness consider massless) and the
critical density of matter, are

pr(7) = 8-107%g/em®, po(7.) =107%g/em’.  (10.41)

The “hidden” mass must be attributed to the density of mat-
ter, pm(7e), for our choice of the graviton mass (m = 10~%g)
it is close to the critical density p. determined by the Hub-
ble “constant”. We intend matter to actually be all forms of
matter, with the exception of the gravitational field.

In accordance with formulae ([[0:39), ([0-40) and ([0-47])

we have

minR 'R3
pe(re) = PSR = 810 Vg fen, (1042)
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Rmax

%> =10""g/cm". (10.43)

pm(Te) = Pmin (

Hence, we find

Ro= 20 g g =3 T A0 R (10.44)

9%3 (7e)
Let us introduce the notation
4
o= gRo ‘R (10.45)
In accordance with ([0.39), ([0.44) and ([[0.43) we obtain
3 o- Pmin
~ pp(T) =—" ) < Ry. 10.4
p(T) P (T> 4 R4(T) R RO ( 0 6)

Assuming radiation to be dominant at the initial stage of ex-
pansion in the hot Universe model, from equation (10.25) by

taking into account ([[0.31)), ([0.32) and ([[0.44), we obtain the

following;:

1 dR\> 30 3 1
2 _
a _<EE> _“[THL_Hﬂ_ﬁ - (1047)

max

Equation ([[0.47) makes it possible to determine the law of
expansion of the Universe at the initial stage. It is readily
seen that the right-hand side of equation ([[0.47) turns to zero
at sufficiently small values of R = R,;,. The main role, here,
is due to the first term in brackets in equation (10.25), that is
responsible for the graviton mass.

By introducing the variable x = R~2 one can readily find
approximate values for the roots of the equation

§a:c2 — 2+ r—1°=0, (10.48)

2 Rl

max

which are the turning points

3 1 4 1 1
_° 0((— =+/——+0(—]) . 10.49
n=grt <02>’ 28 3\/5+ <02> ( )
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Hence, we find the turning point

2
Ryin =1\/— . 10.50
3 (10.50)
Thus, owing to the graviton mass, there exists no cosmolo-
gical singularity in RTG, and expansion of the Universe starts
from the finite non-zero value R = R.;,. On the basis of

(L0.44) we obtain

3 Opmin 27 4
S L . 10.51
e T T (1051)

min

In accordance with ([0.49) expression ([[0.47) can be written

in the form
H? = w(x) — ) (2 — 25)(x — 23) . (10.52)
Within the range of variation of the scaling factor
Ruin < R< Ry (10.53)

the expression for H? is significantly simplified:

3ow
H? ~wi*(z;—2) = —(R* - R>. ) . 10.54
wa?( — 1) = SR~ Ry,) (10.54)
Within this approximation equation ([[0.47) assumes the form
1 (dR 2 30w
— =) ==(R’- R, . 10.55
R? < dr ) 2R6 ( ) ( )

Upon integration we find

Rr2nin 2 n 2 _
r= (VT4 n(Z VAT, (1050)

where
Z = R/ Ruin.
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Utilizing expressions ([0.5(0) and (L0.51]) we obtain

R 1 P 1/2
T = -2 . 10.57
Vboow  2v2w (pmax> ( )

Substituting into this expression the value pyi, from ([0.39)
we find

R, 3

Veow |\ 327G pmax
Taking into account ([0.5§) in ([[0.56) we obtain

3
T=|—=—[2ZVZ2-1+In(Z+VZ2—-1)]. (10.59)
327G Prax
In the vicinity of R >~ Ry, from ([0.59) we find

(10.58)

4rG
R(7) = Run {1 + ”Tpmax - 72} (10.60)
In the region R, << R < Ry we obtain
327G 1/4
R(7) = Run (T”pmm() T2, (10.61)

In this region the dependence on time of the density of mat-
ter determined by equation ([[0.46), with account of ([[0.50),
([0.51) and ([L0.61]), has the form

3

p(1) = 92 (10.62)
i.e. coincides with the known equation that yields the Fried-
man model in GRT for a “flat” Universe. We shall now de-
termine the time corresponding to transition from the stage of
expansion of the Universe dominated by radiation to the stage
dominated by nonrelativistic matter. According to ([0.6])) we
have

min 3

2 1/2
R = R? <wpmax> 7. (10.63)
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Hence, taking into account ([[0.44), (10.45) and ([[0.58) we find
3/2(TC> 3
’7‘0 = —_=
p2,(7.) V 327G
3
=2,26-10%/—— ~1,5-10"s. 10.64
2610 /22 = 1,5 10"%s (10.64)

Now consider development of the Universe, when pressure
can be neglected. At this stage of evolution we write equation
(10.25) as

<d_$> _ 2w (z —1)[(a —2°)(z* + x4+ 1) — 32%] . (10.65)

dr «Q

Here x = Rya/R, a = 2RS . Taking into account that

X*

a>>3, (10.66)

we find

T—To—i—\/»/y\/ . (10.67)

y—lx—y)

Here 29 = Ruax/Ro, x1 = 2% . R?__. Upon integration of

([0:67) we obtain

T =T+ 3\ 220 larcsin f(zg) — arcsin f(z)]. (10.68)
Here (2 4+ 1) — 227
]+ 1)x® — 227
= ) 10.
fla) = L (10.69)
Note that 5
f(ro) 21— —, (10.70)
Lo
T 2
arcsin f(zg) ~ arccos —= 72 =5 7 (10.71)
Zo 0
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Taking into account ([[0.71]) we find

2 1 T
T=1T— + — — arcsin f(x)]| . 10.72
" 3Vawal? 3vaw L2 @] 1)
Taking into account the equality
_ (10.73)
To = , .
’ 2V 2wxg/ 2

expression ([[0.79) can be written in the form
3V2w(T + B1) = g — arcsin f(x) . (10.74)

Hence, we have

cos \(T + fB1p) = (ag—;(lixj 520‘ : (10.75)
Here
A:3@:\/§<m762>, B=1/3. (10.76)

From expression ([[0.75) we find

R(r) = [%} 1/6' l(a +1) — (« —2102 cos \(T + 57'0)] 1/3. (10.77)

Owing to the equality ([[0.40) the following relation occurs:

3
pm(T) [Rmax‘|
= , 10.78
Pmin R(T> ( )
taking into account ([[0:7§) we obtain
2 min
ap (10.79)

pm(T) = (a+1)— (a—1)cos \(T + Bry)
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Since @ >> 1, from ([[0.79) we have

Pmin
(T) = ——F——— 10.80
P ( ) sin? A(T—;ﬁm) ( )

in a similar way from formula ([0.7§) we have

93 M7 + 70)

R(7) = Ryax sin — (10.81)
In the region of values w < 1 we have
()= o (10.82)
PmiT) = 67G(T + B79)% ’
A\ 2/3
R(7) = Rume [%] . (10.83)

For 7 >> 7y formulae ([0.89) and ([[0.83) yield for p,,(7) and
R(7) time dependencies similar to those obtained within the
Friedman model in GRT for a "flat” Universe.

Making use of formulae ([[0:49), ([0.45) and ([0.5]]) one

can readily establish the following relation:

1/3 1/12 1/12
Ripax = ’{;4(70) (f“;a"> ~3,6-1072 ('Og“a"> . (10.84)
Pr (TC) Pmin

min

In a similar manner with the aid of expression ([10.57) and of
([0.50) one can express, via pmax, the second turning point

Rmin:
. 1/6
min = == . 10.
R <2pmax> ( 0 85)

From ([[0.84)) and ([[0.87) it is clear that the existence of the
graviton mass not only removes the cosmological singularity,
but also stops the expansion process of the Universe, which
undergoes transition to the compression phase. Thus, the evo-
lution of a homogeneous and isotropic Universe is determined
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by modern observational data ([[0.41]), by the maximum den-
sity of matter and the graviton mass. The scalar curvature
is the largest at the beginning of the “expansion”, and on the

basis of (10.21), (10.24) and ([[0-85) equals the following value:

v Pmax
R,,¢"" = —167G - 2

while its minimum value at the end of “expansion” is

3 /me\?
R,,Wz—<—) .
wd =5\

The initial acceleration, which serves as the initial “push”
that led to the “expanding” Universe, is, in accordance with

(10.24), ([0:33) and (10.85), the following:

d2R 1 5/6 mC2 1/3
dare — g T\ )

It arises at the moment when the density of matter stops grow-
ing during the preceding cycle. The maximum density of mat-
ter in the Universe in this model remains undefined. It is
related to the integral of motion. The latter is readily estab-
lished. We write equation (10.24) in the form

d*R

D 8rG 1
= —41G <,0 4 §> R+ pR—2u <R - ﬁ> - (10.86)

Determining from equation

1dR 1 dp
e —_ 10.87
R dr 3(p+5)dr ( )
the value of (p + C%) we find
p 1 . dp
P _ _“RSP. 10.
pt =5 (10.88)
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Substituting this value into equation ([L0.86) we obtain

&R 4xG  d

d 1
= T (R — o (R2+—) . (10.89)

Introducing the notation

drG 9 1
-7 — 10.
1% 3 pR +w<R +2R4> , (10.90)
one can write equation ([[0.89) in the form of the Newton equa-
tion of motion

R AV
== 15 (10.91)

where V' plays the role of the potential. Multiplying ([[0.91)
by fl—f we obtain

d |1 (dR\’
Hence, we have
1 (dR\?
3 (d—f> +V=F, (10.93)

where F is an intergal of motion, the analog of energy in clas-
sical mechanics. Comparing ([0.93) with (10.25) and taking
into account ([[0-3])) we obtain

g L (me) (10.94)
max 8\ R ) ‘

Substituting into ([[0.94) expression ([0.84) we find

e 10
h

(167G)? prmax

1/3
E=74-10* ] . (10.95)

This quantity is extremely small.

117



Thus, pmax is actually an integral of motion, determined by
the initial conditions of the dynamic system. The analysis per-
formed reveals that the model of a homogeneous and isotropic
Universe develops, in accordance with RTG, cyclically start-
ing from a certain finite maximum density pp.x down to the
minimum density, and so on. The Universe can only be “flat”.
Theory predicts the existence in the Universe of a large “hid-
den” mass of matter. The Universe is infinite and exists for
an indefinite time, during which an intense exchange of in-
formation took place between its regions, which resulted in
the Universe being homogeneous and isotropic, with a cer-
tain inhomogeneity structure. In the model of a homogeneous
and isotropic Universe this inhomogeneity is not taken into
account, for simplifying studies. The information obtained
is considered a zeroth approximation, that usually serves as a
background in considering the development of inhomogeneities
caused by gravitational instability. “Expansion” in a homo-
geneous and isotropic Universe, as we are convinced, is due
to variation of the gravitational field, and no motion of mat-
ter occurs, here. The existence of a certain inhomogeneity
structure in the distribution of matter in space introduces a
significant change, especially in the period after the recombi-
nation of hydrogen, when the Universe becomes transparent
and the pressure of radiation no longer hinders the collection
of matter in various parts of the Universe.

This circumstance results in the motion of matter relative
to the inertial reference system. Thus arise the peculiar velo-
cities of galaxies with respect to the inertial reference system.
A reference system related to the relic radiation can, with
a great precision, be considered inertial. Naturally, a refe-
rence system related to the relic gravitational radiation would
to an extremely high degree be close to an inertial system.
What was the maximum density of matter, pna.y, earlier in
the Universe? An attractive possibility is reflected in the hy-
pothesis that ppax is determined by the world constants. In
this case, the Planck density is usually considered to be ppax.
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Here, however, there exists the problem of overproduction of
monopoles arising in Grand Unification theories. To overcome
this problem, one usually applies the “burning out” mech-
anism of monopoles during the inflational expansion process
due to the Higgs bosons. Our model provides another, alterna-
tive, possibility. The quantity pn.x may even be significantly
smaller, than the Planck density. In this case the tempera-
ture of the early Universe may turn out to be insufficient for
the production of monopoles, and the problem of their over-
production is removed in a trivial manner. This, naturally,
does not exclude the possibility of inflational expansion of the
Universe, if it turns out to be that at a certain stage of its
development the equation of state is p = —p.

Thus, in accordance with RTG, no pointlike Big Bang oc-
curred, and, consequently, no situation took place, when the
distance between galaxies were extremely small. Instead of the
explosion, at each point of the space there occurred a state of
matter of high density and temperature, and it further devel-
oped till the present moment, as described above. The differ-
ence between the development of a homogeneous and isotropic
Universe in RTG and GRT arose owing to the scaling factor
R(7) in RTG not turning into zero, while in GRT it becomes
zero at a certain moment in the past.

In GRT with the cosmological term A the homogeneous and
isotropic model of the Universe is also possible in the absence
of matter. The solution of the GRT equations for this case
was found by de Sitter. This solution corresponds to curved
four-dimensional space-time. This signifies the existence of
gravity without matter. What is the source of this gravity?
Usually, it is vacuum energy identified with the cosmological
constant A that is considered to be this source. In RTG, when
matter is absent (p = 0), in accordance with equations (10.25)
and ([[0.31]), the right-hand side should turn to zero, which
is possible only if Ry,.x = 1. Hence it follows that R = 1,
and, consequently, the geometry of space-time in the absence
of matter will be pseudo-Euclidean. Thus, in accordance with
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RTG, when matter is absent in the Universe, there also exists
no gravitational field, and, consequently, vacuum possesses no
energy, as it should be. According to RTG, the Universe can-
not exist without matter.

In conclusion let us determine the horizon of particles and
the horizon of events. For a light ray, in accordance with the

interval ([[0.17]), we have
dr 1

— = 10.96
dr  /aR(7) ( )
The distance covered by the light by the moment 7 is
r(T) T do
d,(r) = v/aR(7) / dr = R(r) [ 2. (10.97)
/ ) R(o)

If the gravitational field were absent, the distance covered by
the light would be c¢r. As R we should have substituted ex-
pression ([[0.59) for the interval (0, 7), and expression ([[0.81))
for the time interval (79, 7). We shall estimate d,.(7) approxi-
mately by the expression

T

R(T) = Rypax sin®/? 10.98
(7) = R sin?* 57 (10.98)
Throughout the entire integration interval
QXTmax [ . T 12/3 v dx
d. (1) = [sm } /— =
T D T J 22/3 /1 — 22
6 Tmax 117

= —VyF (=, == . 10.99
x VY (2’(3’6’y> (10.99)
Here y = sin? o F (a,b,c,y) is a hypergeometric function.

We shall give the values for some quantities determining
the evolution of a homogeneous and isotropic Universe. We
set the graviton mass to m = 107%g, while the present-day
Hubble “constant” is

km

H.~T74

(10.100)

s Mpc
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Then for the present-day moment of time 7., q. will be equal
to

&

7.~3-10's, . =0,59, p.=10""—==. (10.101)

cm

According to formula ([0.33)) the half-period of cyclical devel-
opment is

Tmax = 97 - 10'7s . (10.102)

It must be stressed that the parameters 7., ¢. determining
the evolution of the Universe are practically independent of the
maximum density of matter py.,. The maximum temperature
(and, hence the maximum density), that could occur in the
Universe, may be determined by such phenomena, that took
place in these extreme conditions, and the consequences of
which may be observed today. A special role, here, is played
by the gravitational field, which contains the most complete
information on the extreme conditions in the Universe. In
the model, considered above, of an isotropic and homogeneous
Universe the known problems of singularities, of causality, of
flatness, that are present in GRT, do not arise.

Making use of (10.99) and ([0-107) we find the size of the
observable part of the Universe at the moment 7,:

dy(7.) ~ 3cr, = 2,7-10%cm .

We see that the path covered by light in the gravitational field

of the Universe during the time 7, is three times larger than

the corresponding distance in absence of the gravitational field,

c7.. During the half-period of evolution, 7,.x, the horizon of

particles be

dr(Tmax) = nax ’ F(1/6) .
Vr T(2/3)

The horizon of events is determined by the expression

(10.103)

d, = R(7) / % . (10.104)
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Since the integral ([0.104) turns to infinity, the horizon of
events in our case does not exist. This means that information
on events taking place in any region of the Universe at the
moment of time 7 will reach us. This information can be
obtained with the aid of gravitational waves, since they are
capable of passing through periods, when the density of matter
was high.

We shall especially note that within the framework of RTG
a homogeneous and isotropic Universe can exist only if the
graviton mass differs from zero. Indeed, in accordance with

([0.49) and ([[0.5])), the constant A in expression ([[0.35) equals
A= pl/3 (M)wg. Therefore, if ppax is fixed, then the con-

max 2
stant A turns to zero, when m = 0.



11. The gravitational field of a
spherically symmetric static
body

The issue of what takes place in the vicinity of the Schwar-
zschild sphere, when the graviton has a rest mass, was first
dealt with in relativistic theory of gravity in ref. [, in which
the following conclusion was made: in vacuum the metric coef-
ficient of effective Riemannian space, ggg, on the Schwarzschild
sphere differs from zero, while g;; has a pole. These changes,
that in the theory are due to the graviton mass, result in the
“rebounding” effect of incident particles and of light from the
singularity on the Schwarzschild sphere, and consequently, in
the absence of “black holes”.

Further, in ref. [[4] a detailed analysis of this problem in
RTG was performed, which clarified a number of issues, but
which at the same time revealed that the “rebounding” takes
place near the Schwarzschild sphere. In the present work we
follow the article [[J], in which it was shown in a most simple
and clear manner that at the point in vacuum, where the met-
ric coefficient of effective Riemannian space g1 has a pole, the
other metric coefficient goy does not turn to zero. The resul-
ting singularity cannot be removed by a choice of the reference
system, so the solution inside a body cannot be made to match
the external solution. In this case, if transition is performed
to the reference system related to a falling test body, then it
turns out to be that the test body will never reach the surface
of the body, that is the source of the gravitational field. Pre-
cisely this circumstance leads to the conclusion that the radius
of a body cannot be inferior to the Schwarzschild radius. All
this issue will be dealt with in detail in this section.
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We now write equations (5.19), (5.20) in the form

1 1 /me\?
RE — ~6'R+ - <—> <5“ O —
v 2 v _I_ 2 h 14 _I_g f}/
1
~ 509" s ) = KT, (1L.1)
D,§" =0. (11.2)
Here g = /—gg", g = det g,,, R is the Ricci tensor,

K= SZ—ZG, G is the gravitational constant, D,, is the covariant

derivative in Minkowski space, v,,(z) is the metric tensor of
Minkowski space in arbitrary curvilinear coordinates.

Let us now determine the gravitational field created by a
spherically symmetric static source. The general form of an
interval of effective Riemannian space for such a source has
the form

d82 = goodt2 + 2g01dtdr + gndrz + 922d92 + 933d®2, (113)

We introduce the notation

goo(r) = U(r), goi1(r) = B(r),

gu(r) = — lV(r) - BU((:))] , (11.4)
gaa(r) = —W2(7’), g33(r,©) = —W2(T’) sin? ©.

The components of the contravariant metric tensor are

1 B? B 1
00 _ 01 _ ey .+

22( ) 1 33( @) 1 (115>
r) = ——- T = — 5 .
g w2 I W2sin? ©
The determinant of the metric tensor g, is
g = detg,, = ~UVW*sin?© . (11.6)
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For a solution to have physical meaning the following condition

must be satisfied:
g<0. (11.7)

In the case of spherical coordinates g can turn to zero only
at the point 7 = 0. On the basis of (11.5) and ([I1.4) we find
the density components of the metric tensor

g =/ —gg". (11.8)

One have the form

W2 B2 BW?2
g% = V- —]sin0, g% =— sin ©,
J ( U ) g JUV

VUV
gt = —\/gmﬂ sin ©, (11.9)
VUV

sin®

We shall carry out all reasoning in an inertial reference

72 =-VUVsin®, §2=—-VUVsinO, 5 =

system in spherical coordinates. An interval in Minkowski
space has the form

do? = dt* — dr* — r*(d©? + sin? OdP?) . (11.10)

The Christoffel symbols in Minkowski space that differ from
zero and that are determined by the formula

1 a
7/)1\1/ = 57)\ (au’yal/ + 81/70;1 - aa'y;u/) (1]_]_1)
are equal to
. 1
Yoo = T g3 = —Tsin’ O, 45 =73 = -,
) . 5 r (11.12)
V33 = —sin©cos O, V53 = cot O .
We write equation ([T-2) in an expanded form,
D,g" = 8,3" + 5,5 =0. (11.13)
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In Galilean coordinates of Minkowski space they have the form
0.9" =0. (11.14)

In the case of a static gravitational field we have from ([1.14)
0;g" =0,i=1,2,3. (11.15)

Applying the tensor transformation law, it is possible to
express the components § in Cartesian coordinates in terms
of the components in spherical coordinates

G0 = - CAU V=g = VUVW?2 (11.16)
AR ) .
Here z' are spatial Cartesian coordinates. Assuming v = 0
in (IT:19) and integrating over the spherical volume upon ap-
plication of the Gauss-Ostrogradsky theorem, we obtain the
following integral over the spherical surface:

, BW?
§0ds; = — 7d3) =0 . 11.17
fa S @) (11.17)

Taking into account the equality
f(fds*) = 47r?, (11.18)

we obtain

=0. (11.19)

Since equation ([1.I4) holds valid both within matter and
outside it, ([T.I9) should be valid for any value of r. But
since, owing to ([I.7), U,V and W cannot be equal to zero,

then from ([T:19) it follows that
B=0. (11.20)
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The interval ([1.3) of effective Riemannian space assumes the
form

ds* = Udt* — Vdr* — W?(dO? 4 sin? 6dd?) . (11.21)

From ([[1.20) it follows that no static solution exists of
the Hilbert—FEinstein equations in harmonic coordinates, that
contains in the interval a term of the form

B(r)dtdr . (11.22)

The energy-momentum tensor of matter has the form

T = (p + %) v, — G- % . (11.23)

In expression ([[1.23)) p is the mass density of matter, p is the
isotropic pressure, and

B dzt

o= (11.24)
is the four-velocity satisfying the condition
GVt =1. (11.25)
From equations (11.1) and ([[1.9) follows
vV, T =0, (11.26)

where V, is the covariant derivative in effective Riemannian
space with the metric tensor g,,. In the case of a static body

. 1
v'=0, i=1,23; "= —, 11.27
NG (11.27)
and therefore
p(r)
19 =plr), T =13 =T =2
(11.28)

T =0, p#v.
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For the interval ([1.21]) the Christoffel symbols, differing
from zero, are

Fo_i@ Fl_i@ 1_iﬂ
= oudr” "%  ovdr YT 2V dr

W dWw ]
1%2 = _7W7F§3 =sin’O - F%Q , (11.29)
1 dW )
Iz, = F‘z);), =W F§3 = —sinBOcosO F§’3 = cot O.

Applying the following expression for the Ricci tensor:
R“y == 80'FZV - 8VFZO’ +
+FZVF2>\ - FZ)\I%V ) erj = gHAR)\V (1130>

and substituting into it expressions for the Christoffel sym-

bols from (11.29), it is possible to reduce equations (11.1) for
functions U,V and W to the form

11 (a2 & 1de(1)
w2 VW2 dr VW dr?

+
me\ 2 171 1 r?
(%) l”i<ﬁ‘?)‘ﬁ]_“p’ (11.31)

11 (dw)* 1 4w dU
w2 VW2 \ dr UVW dr dr

1 /me\? 1,71 1 r? P
*5(71)[1‘5(6‘?)‘%]—‘“ (11.32)

5
C2

1
2

1 " 1 1 ]‘ AV 1 1N\2

2WV2 4V U?
1 ! / 1 Irr!
+4UV2UV QUVWWU +
1 /me\? 1,1 1 D
- 1 (=4 =) =-x2. 11.
3 (%) 25+ o) =& (113
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Equation ([[1.13), with account of (11.12), (11.9) and ([L1.20),
can be reduced to the form

d (U .\
. (\/;W ) = 2rVUV . (11.34)

We note that by virtue of the Bianchi identity and of equa-
tion ([I.J) one of the equations (11.31) — (11.33) is a conse-
quence of the other ones. We shall further take equations
(11.31), (11.32) and ([1.34) to be independent.

We write equation ([[1.2G) in an expanded form

VT =0,TH +TF T —T,TH =0 (11.35)

apv 171 2
Making use of expressions (11.28) and (11.29) we obtain
1 dp  pt+L dU
& dr 20 dr
Taking into account the identity

(11.36)

1 d W dW |1 faw 2+
W2 (M VW2 dr

2 &PW 1dW d
St — (= 11.
YW @ T War ar (v) | (11.37)

equation (11.31) can be written as

d %74 1 /me\? 5 5
- 2 + - <_) [W - T _I_
r 2
i ] 3
W? 1 5
+— 5 (ﬁ - V)] =rW*p. (11.38)

In a similar manner we transform equation (11.32):

1_L d In(UW) + 1(@)2[1/1/2—7“2—

2
V(dW) dw h
1/1 1 W2p
) == . 11.
2 <U V)] " c? (11.39)
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We write equations ([[1.34) and ([[1.3d) in the form

d , U dr
1 dp p) 1 dU
2 dw ( ) 2U dw ' (11.41)

In equations (11.38) — ([I:4]]) we pass to dimensionless
variables. Let [ be the Schwarzschild radius of the source, the
mass of which equals M, then

2GM

== (11.42)
We introduce new variables x and z, equal to
W=lz, r=Ilz. (11.43)
Equations (11.38) — (L1.41)) assume the form
d x
1— — | ——= | +€|z® = 2+
i)
g (V (%)
Lyl 1IN .,
—|—§l’ (ﬁ Vﬂ = Rzp(z), (11.38a)
x d
—————1In(zU) + elxz — 2
v
2 /1 1 22p(z)
(=) = =F 11.
2 (U Vﬂ e (11.39%)
d [ 5 |U dz
dr (55 V) = 22%\/ uv., ([1.40a)
Ldp p) 1 dU
cdr ('0 * c2) 22U dx - ([L1J)
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Here € is a dimensionless constant equal to

2
e— 1 (QGé\fm) - (11.44)

The sum of and the difference between equations (11.38a)
and (11.39a) are

d x x d
—— — — In(zU) +
wvier] v
+ 2¢(2? — 22) = fa? ( - %) , (11.45)
c
d x x d
% Vv dz Vv dz %1 (IL'U) B
()] V(&)
1 1 p
— ex? <E — V) = —fa? <p + g) (11.46)

=i VT Ol (11.47)

In these new variables equation (11.45) assumes the form

Adlnn

+ 2 + 2¢(2? — 2?) = ka? ( - 2) . (11.48)

T c?

Equation (11.38a) is written in the form

dA x? /1 1
-1 2 _ .2 _<__—>—~- 2 . (11.49
o= + e(x z)+€2 Y k-xp(z) . ( )

In accordance with the causality condition (see Addendum)

’YWU“UV =0 y (1150)
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g UMU” <0, (I1.5a)
it is easy to establish the inequality

U<v. (11.51)

For our problem it suffices to consider only the values of z and
z from the interval

1 1
I<r < —, 0< 2K —. 11.52
o vV 2€ V2 ( )
These inequalities impose an upper limit on r, W:
h
r W< —. (11.53)

mc

In the case of such a restriction equation ([[1.49) assumes the
form

dA 11 . 9
ol (5 - V) — Ra’p(x) . (11.54)
Outside matter we have
dA 2 /1 1
b R (e I 11.
ir 3 <U V) (11.55)

By virtue of causality (I1.51]) the following inequality holds
valid beyond matter

dA
— > 1. 11.56
= (11.56)
Integrating ([1.54) over the interval (0,x) we obtain
Alx) =z + ¢ ]1"2 (i - l) dx’ — /%]1"2 (x')dx'. (11.57)
2/ \U TV Sy S

A(0) in ([1.57) is set equal to zero, since if it were different
from zero, function V' (z) would turn to zero as = tends toward
zero, which is inadmissible from a physical standpoint. On
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the basis of ([1.5G) function A(z) beyond matter grows in
monotonic way with x, and it therefore can only have the sole
root

A(z1) =0, x1 > x0. (11.58)

On the basis of (L1.57) we have

1

11
r=1— % 2 <— - —) da’. (11.59)
0

We have here taken into account that when [ is chosen to be

equal to ([[T.42)

xo
f%/x'2p(x')dx' = 1.
0

The matter is concentrated inside the sphere 0 < z < zy.
We shall further consider the case, when the radius of the
body, z, is less than x;. Precisely in this case in vacuum, i.e.
outside the body, there will exist a singularity which cannot
be removed by a choice of reference system.

Owing to the graviton mass the zero of function A is shifted
inward the Schwarzschild sphere. Since as = tends toward
x1, V(zx) tends toward infinity, owing to A(x) tending toward
zero, there will exist such a vicinity about the point x;

1’1(1—)\1) §I§$1(1+)\2>, )\1 >O,)\2 >O, (1160)

(A1 and Ay assume small fixed values), inside which the follow-
ing inequality holds valid:
1 1
—> —. 11.61
5> (11.61)

In this approximation we obtain
Alz)=x —x jLE/gcalx'x'zl (11.62)
1 2 U . .
1
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Substituting into this expression U in the form ([[1.47) we find
Alw) =z —a1+ / dr'e"n(z') A(z'). (11.63)
1

In the region of variation of z one can substitute x? for a3
within the interval ([[T.60):

A@):x—xr+%ﬁ/n@mqgmg, (11.64)

Hence, we obtain

dA €
E;:1+§ﬁm@A@) (11.65)
In the considered approximation ([[1.53) equation ([[1.4§) as-

sumes the form
dIlnn

dx

We now introduce a new function

A +2=0. (11.66)

f) = Sn() Ala) (11.67)
Equation ([[1.67) assumes the form
dA
— =1 11.
Ay o) (1169

and equation ([1.66) assumes the form
A df dA

7.%_@__2, (11.69)
From equations ([[1.6§) and (11.69) we find
A(z) __ =S (11.70)

()

134



From expression ([1.67) we obtain

9df
n(z) = —deeﬂ : (11.71)
Substituting ([1.70) and (LI.71]) into ([1.47) we find
x3 P
U=-L V=- ds : (11.72)
2l e ($)

Making use of these expressions we can rewrite the determi-
nant g as

3df 4

T ap(E) -

For condition ([[I.7) to be satisfied, it is necessary for ex-

sin?@ < 0. (11.73)

pressions % and (1 — ef) to have opposite signs. Substituting

(TT70) into (TT-68) we obtain

af|  d _ l+ef df
——%ln|f(1—€f)|—7'—- (11.74)

d
dr | de F0—ef) dr

dx

Hence, we find

d | 0=enE| _
Thus,
(1-eNE

Taking into account that the quantities (1 — ef) and < must
have opposite signs we find

df _ Gof?

dr — (1—e¢f)’

(11.77)

135



Substituting this expression into ([[1.70)) we find

IM@ZK%%%X,A@Q:O at f:%. (11.78)

With account of (I1.7§), expression ([[1.47) for the function V

assumes the form
Coxf
D)
(1—ef)? (%)

Integrating ([1.77) and taking into account ([[I.7§) we obtain

V= (11.79)

CO-(x—:Bl):%+elne|f|—e. (11.80)

Relation ([I.80) has been obtained for the domain of x
values determined by equalities ([T.6(), however, it is also
valid in the region where the graviton mass can be neglected.

In accordance with ([I.60) the domain Cy(z — ;) is within
the limits

- Co.ﬁlfl)\l S Co(l' - ZL’l) S C()Il)\g, (1181)

when f is positive, it satisfies the inequalities

C<f<

a |

(11.82)
Making use of ([[1.80), in accordance with ([1.81), we have

1
? + €ll'l€f — € S C(].flfl>\2.

Hence, we can find C:
1 .
5 + elneC — e = Col'l)\g. (1183)
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From expression ([1.89) we find the approximate value for C:
1
Col'l)\g .

For negative values of f, the value |f|, determined from

C = (11.84)

the following equation, corresponds to the point x = xy:
1
— — +elne|f| —e=0. (11.85)

|/

Hence, we find

1fl=

In accordance with ([T.87]]), the following inequality should be
satisfied:

, Ina =

1
a4 ra (11.86)
€

1
— Cori1 A < —m+elne|f\ —€. (11.87)
Hence it is possible to find the lower boundary for |f| = D:
1
— Cori\ = —B+elneD—e. (11.88)
From expression ([[1.8§) we find the approximate value for D:
1
= . 11.89
Col’l)\l ( )
This means that the quantity |f| satisfies the inequality
1
>D= .
fl2D= ot ([50)

Let us now establish the dependence of variable z upon
x. Substituting ([1.47) into ([1.40a) and taking into account

(IT.48) we obtain

Ai <x%> =2z — a:—; [1 + e(z® — 2)—

—%g;ﬁ( _Bﬂ . (11.90)
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In the approximation ([[1.59), outside matter, equation (11.90)
assumes the form

d dz dz
A (x%> tos =220, (11.91)

We have to find the regular solution z(x) of equation ([1.97]).
In equation ([T.91)) we pass from variable = to f. Applying
relation ([[1.80Q)

x Corif+1—ef +eflnelf]], (11.92)

1
- Gof

and taking into account ([1.67), (I1.66) and ([1.83), equation
(I1.91) can be represented in the form

d*z  Coxf+ef—1 dz 2z

— C— = =0. 11.93

PGP & G 199

By direct substitution one can establish that the expression
1

z:%+m[1—ef+eflne|f|] (11.94)

satisfies equation ([[1.93) with an accuracy up to the quantity

E(1 —ef +Ine|f])
Cga f? ’

(11.95)

that is extremely small in the vicinity of the point x;. From
expressions ([1.99) and ([1.94) we find

r=g— (11.96)
2
Taking this relation, as well as ([1.79) and ([[1.79), into ac-
count we obtain
x3 Cox f
U=-L, V=—"-0o. 11.97
2z f’ (1—¢f)? ( )
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For negative values of f the causality condition ([I.51])) as-
sumes the form

|fI?(22°Cy — €2}) — 2ex}| f| — 7 < 0. (11.98)

Inequality ([T.9§) is not satisfied, since it does not com-
ply with inequality ([I1.89a). Thus, the causality principle is
violated in the domain of negative values of f. This means
that in the region z1(1 — A1) < = < z; the solution has no
physical sense. If zy < x1(1 — A1), the situation arises, when
the physical solution inside the body, 0 < z < x(, cannot be
made to match the physical solution in the region x > =z,
since there exists an intermediate region z1(1 — A1) < = < xy,
within which the solution does not satisfy the causality princi-
ple. Hence it necessarily follows that xq > ;. From a physical
point of view, it is necessary to exclude the equality xo = x1,
since the solution inside the body should undergo smooth tran-
sition to the external solution. Consequently, the variable
f only assumes positive values. For values from the region
x > x1(1 + A\2) one may, in equations (11.38a) and (11.39a),
drop the terms containing the small parameter €. Thus, we
arrive at Schwarzschild’s external solution

b . x—2w
s = - 1+ —1 ’
ze = (x w)l+2wn ]

(11.99)

x
V. — d 2£L’ ’US:x—Qw

(£) (= —2w) T

Here, "w" and "b" are certain constants that are determined
from the condition that solution ([L1.96), ([[1.97) is made to

match solution ([1.99), (LI.100). At point x = x1(1 + Ag) the
function z from ([[1.94) is

(11.100)

z =1 (% + )\2> : (11.101)
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At the same point z; equals

. b 1’1(1+)\2)—2w
zs = [z1(1 + Ag) — w] 1+2wln ot )

. (11.102)

From the condition that ([T.I0])) and ([T.103) match we find
w="1 p=0. (11.103)

At point & = 21(14 \y) the function U from ([1.97) equals
il

U=t 11.104

since ', in accordance with ([1.89), is

1
Coridy
Substituting ([I1.109) into ([[1.104)) we obtain

Col’i’)\g
U= 0172 11.106
21+ Ag) ( )

At the same point, with account of ([I.I03), Us is

é:

(11.105)

U, = . (11.107)

From the condition that (I1.106) and (LI.I07) match we

find 5
— . 11.1
x3 ( 08)

At point z = z1(1+ o) the function V from ([1.97) equals

Co =

Substituting into (IT.109) the value C' from ([T.105) we obtain

RER

V ™

(11.110)
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at the same point, with account of (I1.99) and (L1.103), V;

equals

(11.111)

i.e. the solution for V matches the solution for Vi.

Thus, if the radius of a body exceeds the Schwarzschild ra-
dius, then the graviton mass can be neglected, and the interval
of effective Riemannian space in an inertial reference system
in spherical coordinates outside the body in the region ([1.53)
has the form:

r—GM _7’+GM
r+GM r—GM

—(r 4+ GM)?[(dO®)? + sin® O(dp)?].

ds? = dt? dr? —

This expression is determined unambiguously from the com-
plete set of equations (11.1) and ([1.9), and, here, there exists
no arbitrariness. When the solution inside the body is made
to match the solution outside the body it is also necessary, as
first shown by R. Avakian, to take into account the logarith-
mic term ([[1.99) which arises when the solution of equations
([1.2) is sought. However, since the radius of the Sun exceeds
the Schwarzschild radius significantly, we can do not take it
into account in calculations of gravitational effects in the Solar
system.

Now consider ([[1.92) for values of €f close to unity:

Y« (11.112)

Substituting this expression into ([1.93) and expanding in ¥
we obtain
y? = 2eCo(x — 21). (11.113)
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Inequality ([1.113) signifies, that the quantity (z—x;) = 0 <,

ie.
=\/2¢ ,/x_xl <1. (11.114)

Substituting () into (| ), and then f into (I1.97),

we obtain for U and V' the followmg expressions:

e + 1/2eCo(x — x1)]

2x ’

zle + 1/2eCo(x — 1)) |

2¢(x — 1)

(11.115)

Hence, within the domain of variable x satisfying inequality

(II.114), we have

ers T
U= o V= m . (11.116)

We see that the presence of the graviton mass essentially
alters the character of the solution in the region close to the
gravitational radius. At the point, where the function V, in
accordance with ([I.116), has a pole, the function U differs
from zero, while in general relativity theory it equals zero. It
is precisely owing to this circumstance, that an irreversible
gravitational collapse arises in GRT, during which there ap-
pear “black holes” (objects that have no material boundaries
and that are “cut off” from the external world). In RTG “black
holes” are impossible.

If one takes into account ([1.49), (T1.43), (I1.99) and ne-
glects the second term in ([1.59), then expressions (]l d)
for U and V' assume the form:

U (GMm>27
he

GM
— (11.117)
c2
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which coincides with the formulae of [2]. We note that the

residue at the pole of function V' at € # 0 equals GC—ZM, while

at € = 0 it equals 2%M . This is so, because, when ¢ = 0, the

pole of function V' at point z = x; is due to function f, which
at this point has a pole, while, if € # 0, it is due to function
(1 — €f), which, in accordance with ([I.99), turns to zero at
the point x = x;.

We shall now compare the character of motion of test bod-
ies in effective Riemannian space with the metric ([1.117) and
with the Schwarzschild metric. We write the interval ([1.21)

of Riemannian space in the form
ds? = Udt® — VdW? — W*(dO? + sin> ©dd?) . (11.118)
Here V is

dw

The motion of a test body proceeds along a geodesic line of

VW)=V < dr ) . (11.119)

Riemannian space

do¥
a, B __
I + Fgﬁv vW =0, (11.120)
where -
w4 11.121
v dS ) ( * )

the velocity four-vector v* satisfies the condition
G0 =1. (11.122)
Now consider radial motion, when
v =0 =0. (11.123)
Taking into account (11.29), from equation ([[T.127) we find

d® 1 dU 4
d® 1 dU 11.124
s T awt =Y ( )
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where

dW
1= — 11.12
v P ( 5)
From equation ([1.124) we find
A In(v°U) = 0 (11.126)
dW ’ '
Hence, we have
dz’ U
0 0
= == 11.127
V== ( )

where Uy is the integration constant.
Taking into account ([[1.127), condition ([1.123) for radial
motion assumes the form

U2 _(dw®
0=V (=) . 11.128
U v (ds ) ( )

If we assume the velocity of a falling test body to be zero at
infinity, then we obtain Uy = 1. From ([[I.12§) we find

dW 1-U
—_— =y ——. 11.129
ds v ( )

Taking into account ([1.79), (I1.94), (I1.97) and (II.10§) we

have

U= x_zl))’ Ve 2vf '
2xf 3 (1 —€ef)?
Substituting these expressions into ([I.129) we obtain

dd_Vf = VI U(L—ef). (11.130)

Applying ([1.10§), (I1.119) and (II.I13), in the vicinity of the

point x; we have

w2 Jrom (11.131)
ds 1 €T
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Passing from the variable z to W, in accordance with ([1.43)
and taking into account ([1.44), we obtain

dw Tic? w 2GM
— === (1= —] . 11.132
ds mGM \/GM < AW ) ( )
Hence there evidently arises a turning point. Differentia-
ting ([[1.133) with respect to s we find

2w 1 he? 2
ds2 ~ 2GM <mGM> ' (11.133)

At the turning point, the acceleration ([[1.133) is very large,
and it is positive, i.e. there occurs repulsion. Integrating

(I1.132), we obtain

2GM ( he? )2 1
= +

w omGM |  GM

(5 — 80)%. (11.134)

c2

Formulae ([T.133) — ([T.134) coincide with the formulae
of ref. [A]. The presence of the Planck constant in formula
(ITI32) is due to the wave nature of matter, in our case,
of gravitons exhibiting rest mass. From formula ([1.134) it
is evident that a test body cannot cross the Schwarzschild
sphere. In GRT the situation is totally different. From the
Schwarzschild solution and expression ([[1.129) it follows that
a test body will cross the Schwarzschild sphere, and that a

“black hole” will form. Test bodies or light can only cross
the Schwarzschild sphere inwards, and then they can never
leave the Schwarzschild sphere any more. The same result is
obtained, if we pass to a synchronous set of freely falling test
bodies with the aid of the transformations

; :t+/dW [W] 1/2. (11.135)
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R:t+/dW lﬁr/z. (11.136)

In this case the interval (II1.11§) assumes the form
ds® = dr* — (1 — U)dR* — W?*(d©? + sin® ©d®?) . (11.137)

In this form, the singularities of the metric coefficients dis-
appear both for the Schwarzschild solution, when ¢ = 0, and
for the solution in our case, when € # 0. However, while in
GRT the variable W may turn to zero, in RTG, by virtue of
expression (11.134), it is always larger, than the Schwarzschild
radius.

Subtracting from expression ([1.13@) expression ([1.137)

we obtain
uv
S . 11.1
R—7 /dW« =T (11.138)

Differentiating equality ([1.13§) with respect to 7, we find

dw (1-U)

— = — — . 11.139

dr uv ( )
Thus, we arrive at the same initial equation ([[1.129). Taking

into account that r = W — GC—ZQW, on the basis of expressions

(11.117), we obtain from equation (11.139) the following:

W:2GM 1( fic? )?(R—m‘)2

@ a\GMm GM (11.134a)

Hence, it is also evident that, if € # 0, then a falling test body
can never cross the Schwarzschild sphere. In that case, when
e = 0, the Schwarzschild singularity in the metric does not
influence the motion of the test body in a falling synchronous

reference system. In GRT the following expression will occur,
instead of formula (11.134a):

3 2/3 2GM 1/3
W= [z@-en] (Z5)
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which testifies that a test body will reach the point W = 0 in
a finite interval of proper time. The falling particles, here, will
only cross the Schwarzschild sphere in one direction, inward.
We shall now calculate the propagation time of a light signal
from a certain point Wy to the point W, = 2CC;—QM, given by the
clock of a distant observer. From the expression ds? = 0 we

have the following for the Schwarzschild solution:

dwW 2GM

Integrating this equation we obtain

2GM . W, — XM
Wo— W+ = 1nW? E—c(t—ty).  (11.141)

Hence, it is obvious that an infinite time, by the clock of a
distant observer, is required in GRT in order to reach the
gravitational radius W; = 2(52M . In RTG, as we established
earlier, the Schwarzschild solution is valid up to the point W =

Wi(1 4 Ag), so the time required to reach this point is

20GM . W, — XM
e(t—to) = Wo = Wi(1+d) + == 1n ;261\;2 . (11.142)
2

2

The propagation time of a light ray from the point W =
Wi (1 + Ag) to the point W; can be calculated making use of
formulae ([1.97) and (LI.I0§). Within this interval we have

aw o}
G = g1l (11.143)

Hence, upon integration and a change of variable, we obtain

2MG [ adf
2
¢ 4 f

—c(t; — 1) . (11.144)
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In accordance with ([1.84) and ([[1.10§) the lower integration
limit is
oM (11.145)
20 '

The integral ([1.144) is readily calculated and with a good
accuracy leads to the following relation:

QGZM In 222 (11.146)
C €

On the basis of ([T.149) and (II.14§), the time required

for a light signal to cover the distance between the points W
and W; = 2C§2M , is equal to the sum of expressions ([[1.149)
and ([[1.144),

ety —t) = Wiy +

2GM Wy — 2GM
C(tl — to) = WO - Wl + GC2 In 0 GMC2 . (11147)
€

c2

Hence it is seen, that in RTG, unlike GRT, the propagation
time of a light signal to the Schwarzschild sphere is finite, even
if measured by the clock of a distant observer. From formula
(L1.147) it is evident that the propagation time is not enhanced
significantly by the influence of the gravitational field.

On the basis of the above presentation it is clear that, if
the graviton mass exists, € # 0, then the solution in RTG
differs essentially from the Schwarzschild solution owing to
the presence on the Schwarzschild sphere of a singularity, that
cannot be removed by a choice of reference system. Thus, in
the case we have considered, when the radius of a body is
smaller than the Schwarzschild radius, or to be more precise,
when xg < x1, a test particle can never reach the surface of
the body, by virtue of (] 4). Owing to the presence of a
singularity, the physical condition g < 0 is violated outside
the body, and precisely for this reason a physical solution for
a static spherically symmetric body is possible only in the
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case, when the point x; is inside the body. This conclusion is
conserved, also, for a synchronous reference system, when the
metric coefficients (see (11.134a)) are functions of time.

Thus, in accordance with RTG, no Schwarzschild singula-
rity for a body of arbitrary mass exists, since the radius of the
body is greater than the Schwarzschild radius, and so the for-
mation of “black holes” (objects without material boundaries
and “cut off” from the external world) is impossible. This
conclusion complies with the conclusion made by A. Einstein
in 1939, most likely based on his physical intuition, than on
GRT logic. He wrote: “Schwarzschild’s singularity does not
exist, since matter cannot be concentrated in an arbitrary man-
ner; otherwise clustering particles would achieve the velocity of
light” Bl A Einstein, naturally, saw that the existence of the
Schwarzschild singularity violated his main principle: “to ac-
knowledge all conceivable (we shall not, here, deal with certain
restrictions, following from the requirement of uniqueness and
continuity) reference systems to be essentially equivalent for
describing nature” B4, Precisely for this reason, he considered,
from a physical point of view, that no Schwarzschild singular-
ity in the metric coefficients should exist in a reference system
related to a distant observer, also. All this, however, is realized
in RTG, but not in GRT.

In accordance with RTG, as a field theory of gravity, a body
of arbitrary mass cannot undergo compression indefinitely, and
therefore no gravitational collapse involving the formation of a
“black hole” is possible. This means that a collapsing star
cannot go beneath its gravitational radius. Spherically
symmetric accretion of matter onto such a body, at its final

31Einstein A. Collection of scientific works, M.: Nauka, 1966, vol.2,
art.119, p.531.

32Einstein A. Collection of scientific works, M.: Nauka, 1965, vol.1,
art.38, p.459.
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stage of evolution (when nuclear resources are exhausted), will
be accompanied by a great release of energy, owing to mat-
ter falling onto the surface of the body. According to RTG,
gravitational absorption of light is impossible. In GRT, when
spherically symmetric accretion of matter onto a “black hole”
takes place, the energy release is quite low, since the falling
matter brings energy into the “black hole”. Gravitational ab-
sorption of light takes place. Gravitational self-closure of the
object occurs. Observational data on such objects could pro-
vide the answer, as to what happens with stars of large mass
at their final stage of evolution, when all nuclear resources are
exhausted.



Addendum

In spherical coordinates of Minkowski space the intervals of
Minkowski space and of effective Riemannian space have the

form
do? = dt* — dr® — r*(d©* + sin? Odd?) (1)

ds* = U(r)dt* — V(r)dr* — W?(r)(d©? + sin® Odd?) . (2)
We now introduce the velocity vector

v = d_xt’ vt =vwe', (z'=1r0,9). (3)

e' represents the unit vector with respect to the metric of the
spatial part of Minkowski space

kpeteh =1, (4)

In the general case k; is

i = = + 2 (5)
Yoo
In case (1)
Rik = —Yik- (6)

Condition (4) for metric (1) has the form
(e +7r?[(e*)* +sin?O0 - (e*)] =1. (7)
We define the velocity four-vector by the equality
v = (1,ve') (8)
and require that it be isotropic in Minkowski space
V' v” =0 9)
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Substituting (8) into (9) and taking into account (7) we find
v=1. (10)

Thus, the isotropic four-vector v* is equal to
v = (1,€") . (11)

Since, in accordance with special relativity theory, motion
always proceeds inside or on the boundary of the Minkowski
causality cone, then, in the case of a gravitational field, the
causality principle

guv"v” <0 (12)

will be valid, i.e.
U—V(e)? —W?[(e*)* + (*)*sin®0] <0 . (13)

Taking into account (7), expression (13) may be written as

W2 W2
U—7?—<V—7?>@Y§o. (14)
Let 2
V——520. (15)

Owing to arbitrariness, 0 < (e')? < 1, inequality (14) will be
satisfied only if

U—-—<0. (16)

From inequalities (15) and (16) follows

U<V. (17)
In the case, when
W2
V- = <0, (18)
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we write inequality (14) as

U—V—(K—V>(1—(el)2)§0. (19)

2
Owing to the arbitrariness of €', expression (19) will hold valid
for any values 0 < (e')? < 1, only if

Uv<v. (20)

Thus, the causality principle in RT'G always results in the
inequality
Ulr) <V(r). (21)



12. Gravitational effects in the Solar
system

Before proceeding to examine such effects, we shall first dwell
upon certain general assertions of RTG and GRT, which
are explicitly manifested in calculations of gravitational ef-
fects. The RTG equations (5.19) and (5.20) are universally
covariant under arbitrary transformations of coordinates and
form-invariant under the Lorentz transformations. In other
words, the situation in RTG is the same as in electrody-
namics. If in two inertial reference systems the respective
distributions of matter in Galilean coordinates, T}, (2, gag(2)]
and T}, (2, gog(2)], are identical, then by virtue of the form-
invariance of the equations relative to the Lorentz transfor-
mations we obtain identical equations, which in identical con-
ditions of the problem provide for the relativity principle to
be satisfied. On the other hand, if in a certain inertial refer-
ence system and for a given distribution of matter 7),,(x) the
solution we have is g, (), then applying the Lorentz trans-
formations to another inertial reference system we obtain the
metric g,,,(z'), but it corresponds to the distribution of matter
1;,(z'). Owing to the equations being form-invariant under
the Lorentz transformations we can return to the initial vari-
ables # and obtain a new solution g, (z) corresponding to the
distribution of matter 7}, (). This means that a unique cor-
respondence exists between the distribution of matter and the
metric. When the distribution of matter changes, the metric
changes also. An essential point in RTG is the presence of
the metric of Minkowski space in the equations. Precisely this
circumstance permits performing a comparison of the motion
of matter in a gravitational field with the motion of matter in
the absence of any gravitational field.
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In GRT the situation is quite different. The GRT equa-
tions outside matter are form-invariant relative to arbitrary
transformations of coordinates, and therefore, if for the distri-
bution of matter 7}, (x) the solution we have is g, (), then by
transforming coordinates, so that in the region of matter they
coincide with the initial ones, and outside matter differ from
them, our solution in the new coordinates will have the form
9,,(z'). Owing to the equations being form-invariant outside
matter, we can go back to the initial variables x, and, conse-
quently, obtain a new solution g, () for the same distribution
of matter, 7}, (x). To these two metrics (any amount of met-
rics can be constructed) there correspond differing intervals:

ds? = g (z)dz"dz”

ds3 = g, (v)da"dz".

Which interval must be chosen? The point is that the
geodesic lines of these intervals differ from each other. In this
connection, attempts are made to identify the gravitational
field in GRT with the class of equivalent diffeomorphic metrics
9 (), G, ()., obtained with the aid of transformations of
coordinates. From the point of view of mathematics this is
obvious, but what about the physical interpretation?

Thus, there exists a fundamental difference between the
conclusions in RTG and GRT, and its essence consists in that
the RT'G equations are not form-invariant with respect to ar-
bitrary coordinate transformations, while the GRT equations
outside matter are form-invariant relative to such transforma-
tions. The RTG equations are only form-invariant relative to
such transformations of coordinates that leave the Minkowski
metric 7y, (z) form-invariant. Hence, for example, follows the
form-invariance of equations with respect to the Lorentz trans-
formations.
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The issue of the multiplicity of solutions g,.,(z), g,,(7)...
worried A. Einstein seriously, and he discussed this issue in
detail in 1913-1914 in four articles [R9] and arrived at the
conclusion that the choice of coordinate reference systems is
limited, since he considered that from the universal covari-
ance for one and the same distribution of matter 7),,(x) there
arises a whole set of metrics, which is physically inadmissible.
However, the main reason for ambiguity is not related to the
general covariance, it is related to the form-invariance of GRT
equations outside matter with respect to arbitrary transfor-
mations of coordinates. To remove this ambiguity, there is no
need to renounce general covariance, since it is not the cause,
but it is necessary to restrict the form-invariance of equations
in accordance with the relativity principle. Precisely this is
done in RTG on the basis of the field approach. A simple ex-
ample from electrodynamics can be presented. Assume that
for a current j,(z) we have the solution A4, (z). Upon perform-
ing transformations to the new variables x’ coinciding with the
initial variables x in the region of the distribution of current
Ju(z) and differing from them in the region outside the cur-
rent, our solution assumes the form A} (z’). But it is absolutely
obvious that A/ (x) will not be a solution of the equations of
electrodynamics in the coordinates z, since the equations of
electrodynamics are not form-invariant with respect to arbi-
trary transformations of coordinates.

This means that in electrodynamics for one and the same
distribution of current j,(z) in identical conditions there ex-
ists only one distribution of the electromagnetic field E, H.
If in GRT the distribution of matter, determined by the ten-
sors T, (x) and T, (2'), is the same in two arbitrary reference
systems, then the GRT equations being form-invariant out-
side matter, we can, in identical conditions, for example, have
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identical metric coefficients g, () and g,,(z’). Precisely this
circumstance permitted A. Einstein to put forward the gen-
eral relativity principle for all physical processes. However,
the requirement that the metric coefficients be identical re-
sults in a strong restriction being imposed on the structure of
Riemannian space, it turns out to be a space with constant
curvature.

Since Riemannian space in GRT does not have this prop-
erty, in the general case, then the general relativity principle,
as a physical principle, is not realized in Nature. This also
follows from the equations of electrodynamics, for example,
not being form-invariant with respect to arbitrary transfor-
mations of coordinates. The relativity principle, as a physical
principle, is not related to universal covariance, but to the
form-invariance of equations and of the metric relative to the
transformations of coordinates. V.A. Fock was right, when he
wrote: “a general relativity principle, as a physical principle,
that could be valid with respect to arbitrary reference systems,
is not possible” BF]. In GRT for one and the same distribu-
tion of matter 7),, (z) there exists a whole range of solutions of
the GRT equations for the metric coefficients g,., (), g,, (), ...
Outside matter the geodesic lines for these solutions will be
different.

The issue of the multiplicity of metrics in GRT in one coor-
dinate system was widely discussed in 1921-1922 by P.Painlevé,
M.Chazy, J.Becquerel, A.Gullstrand, E.Kretschmann. The
essence of the polemic actually reduced to the question: with
which radial variable in the GRT equations is it necessary to
identify the astronomically determined distance between the
Sun and a planet? It must be noted that this arbitrariness
in the first order in the gravitational constant does not in-
fluence certain gravitational effects: the deflection of a light
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ray, the shift of the perihelion of Mercury, the precession of a
gyroscope. However, it does, already in the first order in G,
influence the delay effect of a radiosignal.

Thus, depending on the choice of solutions in the Schwarz-
schild form or in harmonic coordinates we will obtain different
values for the delay time. We will further see that there exists
no such arbitrariness in RTG, and that effects are determined
unambiguously.

The reason for the multiplicity of metrics is not general
covariance, but the form-invariance of equations with respect
to arbitrary transformations of coordinates. There exists no
such ambiguity in RTG, since the metric g,,(x) is unambigu-
ously determined by the distribution of matter 7, (z). In
section 11 it was shown that since the radius of a static spher-
ically symmetric body exceeds the Schwarzschild radius, then
the external solution of RT'G equations in an inertial reference
system in spherical coordinates in the region ([I.53) has the
form

_T’—MG _7’+MG
Cr4+ MG r— MG
—(r+ ]\4G)2[(al9)2 + sin? @(dcp)z]. ()

ds? (dz?)? (dr?)—

Precisely such a solution in the post-Newtonian approxima-
tion yields expressions for the metric coefficients of effective
Riemannian space that coincide with the previously obtained
formulae (8.59a) applied for explanation of gravitational ef-
fects in the Solar system.

An essential point is that, when the gravitational field is
switched off (for instance, the body is removed), we necessarily
turn out to be in Minkowski space in an inertial reference
system with the metric

do? = (dz°)* — (dr)?* — r*[(df)? + sin® O(dyp)?].
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In calculating gravitational effects in the Solar system we
have to calculate the trajectory of motion in effective Rieman-
nian space, that is determined by the interval ds, and to com-
pare it with the corresponding trajectory determined by the
interval do. The metric of Minkowski space is present in the
RTG equations. This is precisely how the deflection angle of a
light ray and the delay time of a radiosignal, due to the influ-
ence of the gravitational field of the Sun, are determined. As
to calculating the shift in the perihelion of a planet, here it is
necessary to compare the trajectory of motion of a test body
around the Sun calculated within RTG with the trajectory
obtained from Newton’s theory of gravity. Precisely in these
calculations there exists a difference between the RTG and
GRT conclusions, since within GRT one cannot say in which
reference system (inertial or non-inertial) of Minkowski space
one happens to be, when the gravitational field is switched
off. For calculating the gravitational effect it is necessary to
compare in one coordinate system the motion along a geodesic
line in Riemannian space with motion along the geodesic line
in Minkowski space with gravity switched off. But to this end
it is necessary to know exactly both the metric g, (z) and the
metric 7, (z).

However, in GRT, owing to the multiplicity of so-
lutions both for g, (z) and for 7, (r) we cannot with
definiteness say which Riemannian metric g, (z) it is
necessary to take for the chosen metric v,,(z) in order
to find the geodesic lines in Riemannian space and
in Minkowski space. This is actually the essence of
the ambiguity in predictions of gravitational effects in
GRT. Sometimes errors are avoided in GRT by considering
the initial reference system to be an inertial reference sys-
tem in Cartesian coordinates (but no such coordinates exist in
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GRT) and then dealing with a weak gravitational field against
this background. No such difficulty exists in RTG, since for
the chosen metric v, (z), with the aid of equations (5.19) and
(5.20), under appropriate conditions, the metric g, () of ef-
fective Riemannian space is determined unambiguously, which
permits to determine unambiguously the gravitational effect.

In calculations of effects in the gravitational field of the
Sun one usually takes as the idealized model of the Sun a
static spherically symmetric body of radius R.. The general
form of the metric of Riemannian space in an inertial reference
system in spherical coordinates is

ds* = U(r)(dz®)? — V(r)(dr)? —
—W2(r)[(df)? + sin® ©(dp)?]. (12.1)

In the absence of a gravitational field the metric has the form
do? = (d2°)* — (dr)* — r*[(d)* + sin® O(dp)?].  (12.1a)

Substituting (12.1) and (12.1a) into equations (5.19) and
(5.20) we precisely obtain the external solution for the Sun
().

In section 5 it was shown that from the RTG equations
(5.19) and (5.20) follow directly the equations of motion for
matter,

v, T = 0. (12.2)

Hence it is easy to obtain the equations of motion for a test
body in a static gravitational field. The energy-momentum
tensor for matter, 7", in this case assumes the form

dat
T = pUryY, U= (12.3)
ds
Substituting ([2.3) into ([2.3) we obtain
UV, (pU") + pU" N, UM = 0. (12.4)
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Multiplying this equation by U, and taking into account
U,U" =1 we obtain

V., (pU") + pU UV, U* = 0. ([23a)

Since
v.(U,U*) =20,V ,U" =0.

from equation ([[2.4a) we have

V., (pU") = 0. (12.5)
Substituting ([2.5) into ([2.4) we find
UV, U = 0. (12.6)

Applying the definition of a covariant derivative, equations
([2.6) may be written as

oUu* dz?
re« uvel — =0. 12.7
L
Taking into account the definition of a total differential we
have SU
dU" = dz”. 12.
U 5 08 (12.8)
On the basis of (2.§) equation ([[2.7) assumes the form
au+ dxt
= gyt =0, Ut=S (12.9)

ds ds

The equation of motion of a test body, ([2.9), is an equa-
tion of geodesic lines in the space with the metric g,,. The
Christoffel symbols are determined by the formula

1
Fllja = §guA(auga)\ + aagu)\ - a)\gua)- (1210)
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On the basis of (12.1) and ([2.10) it is easy to obtain the
Christoffel symbols of interest to us:

1 dW

F%QZWW’ I3, = —sin©cos O,
(12.11)
1 dW 1 dU
Fi’g:WW’ Fg?’:COt@, Fgl:ﬁ%

Of the four equations (I2.9) only three are independent,
since the following relation is valid:

g UMUY = 1. (12.12)

We shall further make use of this circumstance by choosing the
three simplest equations from ([2.9). From equations ([2:9)
we shall take equations

d*2°  1dU d2®dr

=7 12.1
ds? * Udr ds ds 0, ( 3)

0 2 dW drd® do\’

¢o 2 aay ) 12.14
i W oar dsds | SrOesO <ds> 0, (1z14)
Lo 2 dW drdy 40 dy

kA A s ) PONIN® Ruhias it 12.1
a2 "W dsds T2 9% s =0 (12.15)

and supplement them with equation ([2:12) in the form

da®\ dr\’ de\’
Ul=—]| -V [—] —W?|—| -
( ds ) <ds> < ds )
~W?sin? © de 2 =1 (12.16)
7 . .
Since the gravitational field is spherically symmetric, it
is natural to choose the reference system so as to make the
motion take place in the equatorial plane, i.e.
0= g (12.17)
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In the case of our choice equation (12.14) is identically satis-
fied.
Equations (12.13) and (12.15) can be respectively written

as p i
x
— |In—U| = 12.1
P ln P U] 0, (12.18)
d dp
— |In — =0. 12.1
s ln s 4% ] 0 (12.19)
Hence, we find the first integrals of motion E, J:
dax® 1 do o J

—U=— W= —. 12.20
ds VE' ds VE ( )

Substituting these expressions into (12.16) we obtain

1 dr\? J?
_ — — | - =1. 12.21
go " <d5> W2E (12.21)
From the second relation ([2.20) we find
/E 2
ds = dy JW : (12.22)

Passing in ([2.21)), with the aid of ([2.23), to the variable ¢
we obtain

V (d&r\’ 1 1 E
— (| — — — ==+ = =0. 12.23
Wi (d(p) * w2 J2U * J? ( )
From the first relation ([2:20) we find

(ds)? = EU?(dx")?. (12.24)

Hence it follows that £ > 0 for test bodies and £ = 0 for
light.

Gravitational effects in the Solar system have been calcu-
lated within GRT by various methods. Here, we shall follow
S. Weinberg’s method of calculation [[I].

163



12.1. Deflection of light rays by the Sun

Consider a photon from a distant region passing near the Sun.
What is the trajectory of the light ray? It is determined from
equation ([2.23), when E = 0, and it has the form

uv

dp = dr | —— . (12.25)
i JWQ (% -v)

At the point of the light ray’s trajectory (see the figure) closest

to the Sun
dr

—| =0. 12.2
Th=0 (12.26)

To

Deflection of the light ray

The integral of motion J is expressed via the metric pa-
rameters Uy and Wy:

W2(rg) W2
2 _ _ o
Jo= o) 0, (12.27)
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Integrating ([[2.25) we obtain

1/2

7 1%
o) = plo0) + [ dr : . (12.28)
/W (s )
The deflection angle of a light ray is
Ap = 2|p(ro) — p(o0)| — . (12.29)

Here, we have taken into account that in the absence of a
gravitational field a light ray propagates along a straight line
[, and precisely for this reason 7 has appeared in ([2:29). For
the Sun, from the RT'G equations we have

_r=GM r+GM

el _ A 2 _ 2
U=~ V=r—aap W =+GM) . (1230)

For calculations it is sometimes convenient to make use of an
independent variable W':
2GM 1
W
In the first approximation in the gravitational constant G the
metric coefficients are

U(f,ﬂ):]__%;—M’ V(r):1+2G—M’
;GM (12.32)
W2 =r? (1 + ) .
T

Substituting these expressions into the integral (12.28) we ob-
tain for it the following expression:

[e.9]

dr
o T [rz (1 — %) +4MGr — r%}lﬂ'

I=rg (12.33)
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Performing a change of variables, r = %, we obtain

1/ro
[ dt (12.34)

L e

Making use of the tabular integral

dx . — 3
/ 5 = arcsin - + ¢,
Jm? = (== 1)
we find MO
I= g == (12.35)
On the basis of ([[2.29) we obtain
4MG
Ap = szo : (12.36)

taking into account

M,G
°— =1,475-10°cm, RoG =6,95-10"m,  (12.37)
C
we find
AMoG
Ap=-—2 =97 — 1 75" 12.38
o= 2@: Z@: e — b (12.38)

Thus, the deflection of a light ray by the gravitational field
of the Sun is equal to

Ro

To

Ap=1,75"- (12.39)
In calculating the deflection angle of a light ray we took into ac-
count that in the absence of a field in an inertial reference sys-
tem, a light ray travels, by virtue of the metric (12.1a), along
a straight line [. Precisely the deviation from this straight line
is the gravitational effect.
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12.2. The delay of a radiosignal

L.I. Shapiro [[i]] proposed and implemented an experiment for
measurement of the time required for a radiosignal to reach the
planet Mercury and, upon reflection, to return to the Earth.
We shall calculate this time on the basis of RT'G equations.
We shall pass from the independent variable ¢ to the in-
dependent variable z°. To this end, making use of ([2.22) and

([2:24), we shall obtain

J2U2
(dp)? = 7

With the aid of ([2.40), equation ([2:23) assumes the form

(da®)?. (12.40)

i 1/2
V
ct(r,ro) = /dr T (12.41)
J (1 — 78 U—O) U

Substituting expressions (12.32) into the integral ([2.41]), we
find

roord 2MG  2MG
ct(r, o) = / T [1 + + o } . (12.42)
a2 /7"2—7"8 T r r+71g
Applying the tabular integrals
rdr r+/r2 =13
/ =1In ,
ro r? — r% "o
) (12.43)
/ dr To [r—rorm
s /r2—r8T+T0 r+19 ’
we obtain
r+ /12 —rd
ct(r,ro) = \Jr2 —rd + 2MG1H7“—0 +
e 1/2
+2MG [T TO] . (12.44)
r—+ T
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Let r.,r, be the heliocentric coordinates of the Earth and
of Mercury. Since 7,7, >> 7y, then in the summands of
expressions (12.44), that contain the gravitational constant,
the influence of ry present under the square root sign can be
neglected, which will result in

ct(ry,re) = \/rg —r¢+ \/rg —r¢ +
2MG | 4rer, AMG
+ In + .

c2 ré c2

(12.45)

We shall drop a perpendicular r; from the center of the source
of the gravitational field onto the straight line connecting points
re and 7,. Then, according to Pythagoras’ theorem, we have

re=R2+r1, ro=R+r]. (12.46)

In the first order in G

Ap 2

To~TL + ReT, 18 — 1] =~ Rerolg, (12.47)

Ay is the deflection angle of a light ray due to the influence
of a source of the gravitational field (see ([2:36)).

\/rg—rngm/l—%A(p:

Ay 2MG

~ Re — 7’07 = Re — 02 s (1248)
similarly
A 2MG
VT2 =15 ~ R, — 7’0% =R, — ERE (12.49)

With account of (12.48) and ([2.49) expression (12.45) as-
sumes the form

2MG | A4rer,
5 I ——,
c h

ct(rp,re) — R = (12.50)
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here R = R, + R, is the distance between the planets.
The delay time of a radiosignal propagating from the Earth
to Mercury and back is

4]\/§ G n 47“67“1,’
c

AT =2[t(rp,re) — R/c] = "
’ (12.51)

re =rg =15-10"%cm, 7, =ry =5,8-10"cm,
as ro it is possible to take the radius of the Sun, R.:

Ro =6,95-10"cm.

Substituting these values into (12.51) and taking into account

that
AM-G

— =15,9-10%m,
C
we obtain
AM~G . 4rgr
AT = Cg In 1?2 ? —=219,9 pus. (12.52)
©

In calculating the delay effect of a radiosignal we have taken
into account that in the absence of a gravitational field a light
ray, by virtue of (12.1a), travels from point e to point p along
a straight line in an inertial reference system. Comparison
with such motion is precisely how the gravitational effect is
determined. It is precisely for this reason, that the summand
% has appeared to the left in (12.51). In observations, the

% is determined during a period, when the Sun moves

time
away from the trajectory of the light ray, so its influence is
significantly reduced.

In GRT, if the solution is sought of the Hilbert-Einstein
equations for a static spherically symmetric body of mass M,

then within one and the same coordinate system it is possible
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to obtain the external solution for the metric, that involves
two arbitrary functions

ds* = goodt® + 2go dtdr+

+g1dr® + 922(d@)2 + 933(d<ﬂ)27 ([2.3Ta)
where
2GM
=1—-—— =—-B
Joo W’(r)’ go1 (1),
2GMN\"" [ (daw\®
m=—(1-5) - (7) b

g22 = —WQ(T% g33 = —W?sin ©.

Thus, within one and the same coordinate system for a
body of mass M there exists an infinite number of solutions.
Here, functions B(r) and W (r) are, generally speaking, ar-
bitrary, they are not determined by GRT. P. Painlevé wrote
about all this some 80 years ago and stressed that the choice
of initial formulae is purely arbitrary. Hence it is obvious that
within GRT neither Newton’s law nor the post-Newtonian ap-
proximation (8.59a), used in GRT for explaining gravitational
effects in the Solar system, follow unambiguously from the ex-
act external solution of equations. Hence, also, it follows, for
example, that an infinitesimal period of true physical time in

GRT,
[ 2GM  B(r)dr ]
dr = [dt 1- —
2GM
W) J1-E

will differ depending on the choice of the arbitrary functions

W (r) and B(r). This means that for a static spherically sym-
metric body of mass M the course of physical time for one or
another process is not determined unambiguously.
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As we can see, the situation in GRT differs totally from
the situation in electrodynamics, where the Coulomb law un-
ambiguously follows from the equations of theory. We shall
clarify the situation making use of the example of Minkowski
space. From the point of view of geometry, Minkowski space
both in an inertial and in a noninertial reference system re-
mains essentially the same, since the tensor of Riemann cur-
vature equals zero. By virtue of the form-invariance of the
Riemann tensor we will have in one and the same coordinate
system an infinite amount of metrics 7, (), 7,,(7)... and so
on, that reduce the Riemann tensor to zero. But, depending
on the choice of metric we will have different geodesic lines
in one and the same coordinate system, i.e. the physics will
vary. All this is obvious and well known, since the dynam-
ics in an inertial reference system differs from the dynamics
in a non-inertial reference system owing to the appearance of
forces of inertia. Precisely for this reason the choice of the
non-inertial reference system in four-dimensional Minkowski
space alters the physics. In Minkowski space, however, there
exist inertial reference systems, and observational astronomi-
cal data are referred precisely to an inertial reference system.
The choice of reference system in physical equations is based
precisely on this circumstance. In GRT Riemannian geome-
try there exist no such reference systems, so it is absolutely
unclear, which coordinates it is necessary to choose so as to
compare theoretical calculations and observational data. The
geometry does not depend on the choice of reference system
(or, in other words, in our particular case, on the choice of
functions B(r) and W (r))), it remains, like before, Rieman-
nian geometry, however, the physics changes. Naturally, it is
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possible, in our case, to select arbitrary functions B(r) and
W (r) so as to provide for Newton’s law of gravity to be sat-
isfied, and for the post-Newtonian approximation to have the
form (8.59a). However, such a choice in GRT is, regrettably,
arbitrary, since it is not imposed by any physical conditions.
It is not possible to formulate physical requirements to be im-
posed on the behaviour of Riemannian metric, if it is not of
a field origin, because such behaviour even depends on the
choice of three-dimensional space coordinates. V.A. Fock re-
solved the issue of the choice of coordinates for island systems,
with the aid of the harmonicity conditions. But why precisely
they have to be chosen, instead of some other ones, remained
unclear.

Now, let us go back to the analysis of a concrete example
demonstrating the ambiguity of GRT in calculations of the
gravitational delay effect of a radiosignal traveling from the
Earth to Mercury and back. The predictions of theory depend
on the choice of solution. For simplicity we shall advantage of
the simplest partial case

B(r)=0, W(r)=r+A+1)M, r> Ry,

A is an arbitrary parameter, Ry is the radius of the body dealt
with. If an appropriate choice is made of function W (r) in the
vicinity of the body, then this solution can be made to match
the solution inside the body. If the previous calculations are
repeated, then for this metric we find

2

42—
ct(r,ro) = \/12 —1d +oMGIn—Y %y

To

_aql)2
+2MG (1 + 3) [T TO] . (A)
2 r+ To
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Comparing this expression with (12.44) we see that already
in the first order in G an ambiguity due to the influence of
the source of the gravitational field arises in GRT in the de-
scription of the delay effect of a radiosignal. On the basis of
(A) the delay time of a radiosignal traveling from the Earth
to Mercury and back, in accordance with GRT, equals the

following:

drer,  2MG
oI5+ —
c g c

R} _4MG »(B)

AT =2 [t(re,rp) - —
c
We note that in the first order in G the physical distance

[, determined by the expression

T

GM  r
l:/,/glldrﬁr—Ro—i—?lnR—o

Ro

does not depend on the parameter A\, and precisely for this
reason the first term in (B) will also not depend on A, and,
consequently, owing to the presence of the second term, we will
have different predictions for the delay time of a radiosignal,
depending on the choice of the constant A. Expression (B) dif-
fers essentially from the result (12.51), which follows exactly
from RTG and complies with experimental data [f3. For the
Schwarzschild solution A = —1 the difference from (12.51) will
be zng , which for the Sun amounts to about 10 microseconds.

In calculations of the following gravitational effects: of the de-
flection of a light ray by the Sun, of the shift of a planet’s peri-
helion, of the precession of a gyroscope, of the shift of spectral
lines, an ambiguity also arises, but in the second order in the
gravitational constant G. All the above has been discussed in
detail with prof. Yu.M. Loskutov (see, also, monograph [I(]).
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Thus, GRT cannot, in principle, provide definite predic-
tions on gravitational effects, which is still another of its fun-
damental defects. Certain attempts to relate the gravitational
field in GRT to the equivalence class of diffeomorphic met-
rics do not remove this ambiguity, since they do not discard
the fundamental defect of GRT — the form-invariance of the
Hilbert—Einstein equations outside matter with respect to ar-
bitrary transformations of coordinates E Precisely this cir-
cumstance results in the entire set of diffeomorphic metrics
arising within one coordinate system for one and the same
distribution of matter, while this, according to the Weyl-
Lorentz—Petrov theorem (see end of section 14), leads to dif-
ferent geodesic lines in identical conditions of the problem,
which is physically inadmissible. The essence of the is-
sue does not consist in the general covariance, which
must always exist, but in whether the form-invariance
of physical equations relative to arbitrary transforma-
tions of coordinates is admissible?

Since reference systems are not equivalent in the presence
of forces of inertia, no sense whatsoever can be attributed to
the form-invariance of physical equations with respect to ar-
bitrary transformations of coordinates. General covariance is
a mathematical requirement, while form-invariance has a pro-
found physical content. Actually, in all physical theories the
form-invariance of equations and of metrics holds valid rel-
ative to the Lorentz transformations — precisely this is the
essence of the relativity principle.

The non-equivalence of various reference systems is espe-

cially evident, if one considers pseudo-Euclidean geometry,

33See, for instance: J.Stachel. Conference “Jena-1980”, 1981 (DDR).
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for which the curvature tensor is zero. From the equality of
the curvature tensor to zero it is possible, by virtue of form-
invariance, to obtain a set of solutions for the metric tensor in
one and the same coordinate system. But it is quite obvious
that they are physically not equivalent, since some of them are
inertial reference systems, while others are non-inertial refer-
ence systems. All the above, involving significant complica-
tions, also takes place in the case of Riemannian geometry.

It is important to stress once more that in GRT,
owing to the equations being, outside the distribu-
tion of matter, form-invariant relative to arbitrary
transformations of coordinates, there arises a situa-
tion when for one and the same distribution of matter
there exists, in one and the same coordinate system,
an indefinite amount of metrics. No such situation ex-
ists in any other physical theory, since form-invariance within
them is admissible only with respect to transformations of co-
ordinates leaving the metric 7,,(z) form-invariant. From this
fact, for example, the form-invariance of equations relative to
the Lorentz transformations follows.

12.3. The shift of a planet’s perihelion

Consider the motion of a test body on a solar orbit. At the
perihelion the heliocentric distance of the test body is at its
minimum and is r_, while at the aphelion it reaches its maxi-
mum and equals r,. Since at the perihelion and at the aphe-
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lion 4 4z = 0, from equation ([2:23) we obtain

11 E
W (r 22Uy J?
(r+) (r+) (12.53)
1 1 E
Wi(r_) JU(r.)  J*
Hence, we find
1 1
R T (12.54)
W T W

2
7
Now we write equations (12.53) in another form:

J? Ivg(é%——E> J? ¥V2<é% E). (12.55)

Hence, we obtain

wr_owe
U U_

By integration of equation ([[2.23) we find
1 E17'?d
o(r) = +/fﬂ —— | 2 (1257)

For convenience of calculations we introduce a new indepen-
dent variable
W =r+GM. (12.58)

Substituting ([2:54) and ([2.50) into ([2:57) and passing to

the new independent variable W we find

(W) = (W) +

W2 [U — U - WA (W) = U
+/{ waqwl—uﬁ] } X
Xvﬁﬂv. (12.59)
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On the basis of ([2:31]) we have for function U~*(W) in the
second order in the gravitational constant GG the following:

20M | (2GM)?

-1 -
UTNW) =1+ = =

(12.60)

We must take into account the second order in U~ (W), since,
if we only consider the first order in G, then the expression
under the root sign in figure brackets will be independent of
the gravitational constant. But this means that in calculations
this circumstance results in our losing the term containing G
in the first order. We will have taken into account only the
term of the first order in GG entering into function V. For the
metric coefficient of V' it suffices to take into account only the

first order in G,
2GM

w
In the approximation ([2.60) the numerator of the expres-

sion under the root sign in the figure brackets of (12.59) is a
L

V(W) =1+ (12.61)

quadratic function of the variable — of the following form:

w
2GMW_W, (W, — W) [% _ % (% + W%) N
+W_1WJ — 2GMW_W (W, — W_) x
x <% - %) (% - W%) . (12.62)

The denominator of the expression under the root sign in
(12.59) is

W2W2 U = UZY = 2GMW_W(W_ — W) x
1 1
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Taking (12.62) and (12.63) we find the expression under
the root sign in the figure brackets (12.59),

1 1 1 1 1
—— | {=—-=|. (12.64
[14+26M (7= + )] <W_ W) <W W+> (12.64)
Substituting ([2.61]) and ([2.64) into (12.59) and considering
only terms of the first order in the gravitational constant G,

we obtain
1/ 1 1
QO(W) = (,O(W_) + [1 + 5 <m + W+> 2GM‘| X
W 1+ M&) g
X / (1+47) (12.65)

12"
Ll
For calculating the integral in (12.65) we introduce a new vari-
able ¢

S0 S I WV U O NS U DV
—===-|=—=+= —| = — — | sin®. .
w2 \w, Tw) T2 \wy T w)°

Applying ([2.64) we obtain

11\ (1 1Y) _
wo w)\w o W)
2
= i (WL — WL> cos? 1. (12.67)
- +

Upon substitution of ([2:6§) and (12.67) we find
W (1+ 25¢) aw
)= / 2 [( 1 1) (1 N2
v W2 (= =) (& — )]

:w+GM{1 <i+i>w+

(w

2\W_ W4

11 1 .
+§ <m — m) COS¢ } ‘_W/2.

178



Hence we obtain

1 1 1
I(W+) =7+ GM§ (m + m) . (12.68)

Making use of ([2.6§), from (12.65) we have

(W) —p(W_)=m+ gﬂ'GM <% + W%) . (12.69)

Hence the change in angle ¢ during one revolution is

1

1 1
2lp(Wy) — p(W_)| =21 + 67TGM§ <m + m) . (12.70)

The shift of the perihelion during one revolution will amount
to

0p =2|lp(W) — p(W_)| = 27 =

1/ 1 1
— 6rGM= | — + — 12.71
6mGM <W++W_>, (12.71)

or, going back to the variable determined from ([[2.5§), we
obtain the following in the same approximation in G:

o = 67TGM% <i + i) . (12.72)

e T_

The quantities r_ and r, are expressed via the large semiaxis
a and the eccentricity e e

ry =(1+e)a. (12.73)
Usually a focal parameter is introduced:
1 1/1 1
—=—-|—+—]. 12.74
L 2 <r+ * r_> ( )
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Using ([2.79) we find
L=(1-¢a. (12.75)

Substituting ([2.75]) into ([2.74) we obtain

1/1 1 1
3 <E + Z) = 7(1 — e (12.76)
Taking into account ([2.79) in ([2.79) we find
6rGM
=" 12.
0% A(l—e?)a (12.77)

In formula ([[2.77) we have restored the dependence upon
the velocity of light. For Mercury

e=0,2056, a = 57,91 - 10" cm. (12.78)

Substituting these values into formula (12.77) we obtain the

shift of Mercury’s perihelion during one revolution:
Sy = 0.1037". (12.79)

In one century Mercury undergoes 415 revolutions, therefore
the shift of Mercury’s perihelion in 100 years amounts to

Ap = 43.03". (12.80)

Modern data confirm this result with an accuracy up to 1%.
Astronomers have been studying the shift of Mercury’s perihe-
lion for several centuries. In 1882 S. Newcomb established the
difference between observations and theoretical calculations,
that turned out to be 43" per century. At present optical ob-
servations, that have been under way for over 200 years, yield
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an uncertainty in the determination of the precession velocity
of approximately 0,4” per century.
To conclude this section we shall write equation ([[2.23) in

the variables u = %, W=r+GM.

du 2 u? 1 FE
<%> + v 20V + T 0. (12.81)

For a static spherically symmetric field, by virtue of ([2.31)
we have

U=V"1=(1-2GMu). (12.82)
Differentiating ([2.81) with respect to ¢ and taking into ac-
count ([2.82) we obtain

& EGM  3GM ,
d—gpz—‘—uz chz + 02 u . (1283)

Here, we have restored the dependence upon the velocity of
light. This equation differs from the equation obtained on
the basis of Newton’s theory of gravity by an additional term
?’f—QMuz. As we see, this term is relativistic. Precisely this term
leads to a shift in a planet’s perihelion.

Expressing the integrals of motion £ and .J? in terms of
the eccentricity and the superior semiaxis in the nonrelativistic

approximation, we have

GME 1
= . 12.84
]2 a(l—é€?) (12.84)

Thus, in the nonrelativistic approximation we obtain the equa-
tion of Newton’s theory of gravity

d*o 1 1
= o= 12.85
d(p2+a a(1—62)’0 r ( )
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Precisely such an expression is found in classical mechanics,
if the initial Newton equations are referred to an inertial re-
ference system. In our calculation this is natural, since the
initial RTG equations are also written in an inertial reference
system.

Comparing the motion complying with ([2.83) with the
motion ([[2:87), we precisely determine the shift effect of the
perihelion for a single revolution of the body about the Sun. In
calculating the shift of Mercury’s perihelion and the deflection
of a light ray by the Sun, A. Einstein intuitively considered
gravity to be a weak physical field against the background of
Minkowski space. Precisely such an approach brought him to
the well-known formulae for these gravitational effects. Howe-
ver, these formulae are not unambiguous consequences of the
GRT equations. In deriving them A. Einstein rather followed
his physical intuition, than the logic of his theory. However,
upon finding these effects in 1915 he anyhow noted: “Con-
sider a material point (the Sun) at the origin of the reference
system. The gravitational field created by this material point
can be calculated from equations by successive approximations.
Howewver, it can be assumed that for a given mass of the Sun,
G are not quite fully determined by equations (1) and (3).
(Here the equations R,,, = 0, given the restriction |g,,| = —1,
are intended. — A.L.) This follows from these equations being
covariant with respect to any transformations with a determi-
nant 1. Nevertheless, we, most likely, are justified in assuming
that by such transformations all these solutions can transform
into each other and that, consequently, (for given boundary
conditions) they differ from each other only formally, but not
physically. Following this conviction, I shall first restrict my-
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self, here, to obtaining one of the solutions, without going into
the issue of whether it is the sole possible solution”@.

Later the issue of other possible external solutions arose
in the twenties, when the French mathematician P. Painlevé
criticized A. Einstein’s results. Following P. Painlevé, we shall
consider this issue from the point of view of the exact external
solution (12.31a) of the GRT equations for a static spherically
symmetric body.

In GRT, calculation of the shift of Mercury’s perihelion on
the basis of the exact external solution (12.31a), for a choice
of the arbitrary functions B(r) and W (r) in the simplest form

B(r)=0, W(r)=r+(A+1)GM,

would lead to the following result:

) (14 e?)+

C6rGM [ (1+NGM
L L

0 (1, 2] p—

This expression is presented in monograph [10], therein, also,
references to original articles can be found. From formula
([2.73a) it can be seen that in GRT, also, ambiguity exists
in predicting the shift effect of Mercury’s perihelion, but it
manifests itself in the second order in G, instead of the first,
and therefore is beyond the accuracy limits of modern observa-
tional data, if one is restricted to small values of the arbitrary
parameter A. However, from the point of view of principle it
is seen that the ambiguity is also present in the case of such

34Einstein A. Collection of scientific works, Moscow: Nauka, 1965,
vol.1, art.36, p.440.
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a choice of A\, when Newton’s law of gravity holds valid. But
from GRT it does not follow that the parameter A\ should be
small. Since in the solution (12.31a) the arbitrary functions
B(r) and W (r) are not determined in GRT, therefore for a
chosen partial case the parameter A\ can assume any values.
If it is chosen sufficiently large, so that the second term in
the brackets in expression ([2:72a) is of the order of 107!, we
would arrive at a contradiction both with observational data
on the shift of Mercury’s perihelion and with Newton’s univer-
sal law of gravity. But this means, owing to the arbitrariness
of A\, that Newton’s law is not the only possible consequence
of GRT. If it were unknown to us, then from GRT, as a theo-
retical scheme, we would never obtain neither it, nor any cor-
rections to it. The maximum, that we could establish, would
be the asymptotics at infinity. All this reveals that al-
though GRT happened to be an important landmark
in gravity after the works of I. Newton, it neverthe-
less turned out to be an incomplete scheme, from the
point of view of both its physical aspects and its main
equations, applied for explaining and predicting grav-
itational phenomena.

After the sharp criticism of GRT (in the twenties) by
P. Painlevé and A. Gullstrand concerning the ambiguity in
determining gravitational effects, V.A. Fock (in the thirties)
clearly understood the essence of GRT and its not complete
definiteness. While studying island systems in the distribution
of matter in GRT, V.A. Fock added to the Hilbert—Einstein
equations harmonic coordinate conditions (actually, certain
equations were taken in Galilean coordinates of Minkowski
space, and thus departure beyond the limits of GRT was per-
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formed) and obtained a complete set of gravitational equa-
tions. In RTG, in studying island systems of the distribution
of matter precisely such a set of equations arises in an iner-
tial reference system (in Galilean coordinates) from the least
action principle. Thus, it becomes clear, why the harmonic
conditions in Galilean (Cartesian) coordinates are universal
equations.

In studying island systems, A. Einstein and L. Infeld ap-
plied other coordinate conditions, however, in the post-Newto-
nian approximation they are close to the harmonic conditions,
and therefore within this approximation they yield the same
result. Thus, V.A. Fock’s theory of gravity permitted to un-
ambiguously determine all the effects in the Solar system. But
his approach was not consistent.

The RTG way consists in total renunciation of
A. Einstein’s ideas on inertia and gravity and return-
ing to the physical gravitational field in the spirit of
Faraday—Maxwell, exact conservation of special rela-
tivity theory, proclaiming a universal conserved quan-
tity — the energy-momentum tensor of all matter, in-
cluding the gravitational field, the source of the gravi-
tational field. Precisely such an approach leads to a new set
of equations of the theory of gravity, removes the fundamental
difficulties of GRT, discards ambiguity in the determination of
gravitational effects, predicts an another (unlike GRT) devel-
opment of the collapse and of the Universe, and at the same
time retains what is most valuable in GRT: the tensor charac-
ter of gravity and Riemannian space. But now it already stops
being the starting point and fundamental, but becomes only
effective, that arises because the energy-momentum tensor of
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all matter, including the gravitational field, is the source of
the gravitational field.

All this is reflected in the complete set of gravitational
equations (5.19) and (5.20), that differ from the GRT equa-
tions. The effective Riemannian space, that arises in RTG
owing to the influence of the gravitational field, only has a
simple topology. This means that, in principle, no “miracles”,
that are possible in GRT owing to the complex topology of
Riemannian space, can take place in RTG.

12.4. The precession of a gyroscope

In the works of Pugh [(2] and Schiff [[4] a proposal was
made to put a gyroscope on an orbit around the Earth and to
examine its precession for studying the Earth’s gravitational
field and for testing general relativity theory. Precisely in this
effect, was the existence to be revealed of an inertial reference
system connected with distant stars. For simplicity, we shall
consider the gyroscope to be a pointlike test body. The equa-
tion for the angular momentum of the gyroscope, S, has the
following form: B}

‘% = FﬁVSA%. (12.86)
In a reference system connected with the gyroscope it under-
goes no precession, which is reflected in equation ([2:8§). The
angular momentum of the gyroscope, J_: does not change in
value, below it will be shown to be expressed via the angular
momentum S and the velocity ¢. In the rest frame of the test

=,

body S, = (0,5), and therefore

n
S, UM =0, Ur= ddis. (12.87)
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From equality (12.87) we obtain

1., ., , df
So = —ESZ-U’, v = e (12.88)
Equation ([2.86) for i = i assumes the form
dSi _ 0 i J ok 0.,ig 1t

For a static spherically symmetric source of the gravita-
tional field in the linear approximation in the gravitational
constant we have

GM
goo = 14+2®, g11 = g2 = g33 = 1-20, ¢ = — (12.90)
Applying these expressions we calculate the Christoffel sym-
bols

: oL
Ff0:0> F?k:0> F’QOZ—OQJZ"
oD 0P 0P (12.91)
i 9% L OF
Vin = w0 = gilin ¥ G50

Substituting these expressions into equation ([2.89) we obtain
s = 5 Ao
o= —2(US)VO — (vVP)S + (SVP)v. (12.92)
The following expression will be the integral of motion of this
equation:
J? =52 4286857 — (#5)>. (12.93)
This is readily verified by differentiating it with respect to
time:
~dJ  odS ~dS

2] — =25— 4+405—
Jdt SaltjL Sdt+

+2(75) {(§V<b) + 7 (%) } . (12.94)
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Retaining the principal terms in this expression, we have

dJ  _2dS o=
Multiplying equation ([2:92) by S and retaining the principal

terms, we obtain

S22 = —(#8)(SVa). (12.96)
Substituting this expression into ([2.95) we find

dJ
— 0. 12.
J =0 (12.97)

Thus, we have established that expression ([2.93) is an
integral of motion of equation ([2.99). On the basis of ([2.93)
it is possible to construct the vector J. Within the limits of
accuracy it has the form

—

J=(14®)S — Z#(@S). (12.98)

|~

Differentiating ([[2:98) with respect to time, within the limits
of our accuracy, we obtain
% _(G,0], G —g[a, val. (12.99)
The vector f, while remaining the same in absolute value,
undergoes precession with a velocity || about the direction
of vector Q. At present such an experiment is at the stage
of preparation. The precession of a gyroscope, determined by
formula (T2:99), shows that a reference system, connected with
a gyroscope undergoing free motion, is not inertial. From the
point of view of RTG this is obvious, since the motion of a
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gyroscope in the gravitational field represents an accelerated
motion with respect to the inertial reference system related to
distant stars. Precisely for this reason, the reference system
connected with the gyroscope will be non-inertial, which is
what causes precession of the gyroscope. In GRT a reference
system connected with a gyroscope, undergoing free motion,
is considered inertial. But then it is absolutely unclear, why
this inertial reference system rotates with an angular velocity
of |§}] relative to distant stars.

12.5. The gravitational shift
of spectral lines

Consider a stationary gravitational field, i.e. when the metric
coefficients are independent of time. Let radiation be emitted
from point e by the source, and let it be received at point p by
a receiver. If the source emits radiation during a time interval
(dt)e, then the receiver will also perceive it during an identical
time interval, since the gravitational field is stationary.

The proper time at point e is

(d7)e = (V/goodt)e, (12.100)

and at point p it will be

(d7)p = (V/goodt),- (12.101)

But, since the time (dt), = (dt),, from formulae ([2.100) and
([2.101) we obtain

(dr)e _ (900)6‘ (12.102)

(dT)p (900)p
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Thus, the proper time interval, during which the source
emits the signal, is not equal to the proper time interval, dur-
ing which the signal is received, since the gravitational field
differs from point e to p.

If we pass to the light frequency w, then we obtain

We _ (g00)p
Wp (goo)e

(12.103)

Here w, is the frequency of light measured at the source point
e, and w, is the frequency of the light that arrives from point
e and is measured at the receiver point p. The change in
frequency is characterized by the quantity

b _ we—w,

= — 12.104
oo (12.104)
On the basis of (T2:103) and ([27109) we find
]
dw _ |y (12.105)
w (goo)e
For a weak gravitational field we have
goo = 1 — 2U. (12.106)
Substituting this expression into ([2.109) we obtain
]
Uw U, — U, (12.107)

If the source (for example, an atom) is in a strong gravi-
tational field, and the receiver is in a weaker field, then a red
shift is observed, and the quantity dw/w will be positive.



13. Some other physical conclusions
of RTG

At large distances r from a static spherically symmetric body
the metric coefficients have the form

2M 2M
Ur)=1——e™", V(r)=14—e™™,
r r
M
(1)

We shall now deal with the problem of radiation of weak grav-
itational waves, when the graviton has mass. It has long been
well known that in linear tensor theory introduction of the
graviton mass is always accompanied by “ghosts”. However,
in refs. [[[5], [, B9 it is shown that the intensity of the grav-
itational radiation of massive gravitons in nonlinear theory is

a positive definite quantity, equal to

dl 2 7 1

oo [ el + i 5 P+

m2 T12 T22 3m4 T32 131
+§(\3\+|3|)+@\3\}, (13.1)

1/2

hereq:(l—f—;) /.
In RTG, like in GRT, outside matter the density of the
energy-momentum tensor of the gravitational field in Rieman-

nian space equals zero:

L
0Ly _ . (13.2)

T — 9 79 _
g 09

However, from expression (13.2) no absence of the gravita-
tional field follows. It is precisely in this expression, that the
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difference between the gravitational field and other physical
fields is especially revealed. But this means that the energy
flux of the gravitational field in the theory of gravity is not
determined by the density components of the tensor T gi, cal-
culated with the aid of the solutions of equations ([[3.9), since
they are equal to zero. The problem of determining the energy
flux in the theory of gravity, unlike other theories, requires a
different approach.

Yu.M. Loskutov [[3, [[d, BY] finds the solution of ([3:2) in

the form
I = M ph (13.3)

where the quantities x*” and ¢ are of the same order of
smallness, and YY" describes waves diverging from the source,
while x* characterizes the background. Energy transport is
only realized by divergent waves. In ref. [[J] it is shown that
the flux of gravitational energy is actually determined by the
quantity 7T, gi(w) calculated not on the solutions of equations
(3.2) themselves, but only on that part of solutions, that
describes divergent waves ¥*. Here it is taken into account
that gravitons do not travel in Minkowski space, like in linear
theory, but in effective Riemannian space. Therefore, in the
linear approximation the following equality is satisfied:

7 E ﬁ 1 = do? — ds’ ~

T ds ds a ds?
1 dz®  dx”

~ B S 13.4
5 O = Y s (13.4)

Precisely taking this circumstance into account consistently in
the course of finding the intensity has led the author of ref. [[7]
to the positively definite energy flux, determined by formula
(13.1), the obtained result is of fundamental importance, since
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it alters conventional ideas and, therefore, it necessarily re-
quires further analysis.

It must be noted that the set of gravitational equations
(5.19) and (5.20) is hyperbolic, and precisely the causality
principle provides for existence, throughout the entire space,
of a spacelike surface, which is crossed by each nonspacelike
curve in Riemannian space only once, i.e., in other words,
there exists a global Cauchy surface, precisely on which the ini-
tial physical conditions are given for one or another problem.
R. Penrose and S. Hawking [BJ] proved, for certain general con-
ditions, singularity existence theorems in GRT. On the basis of
equations (5.2J]a) outside matter, for isotropic vectors of Rie-
mannian space, by virtue of the causality conditions (6.12a),
the following inequality holds valid:

R, 0" <0 . (13.5)

The conditions of the aforementioned theorems are contrary
to inequality ([[3.9), so they are not applicable in RTG.

In RTG spacelike events in the absence of a gravitational
field can never become timelike under the influence of the grav-
itational field. On the basis of the causality principle effective
Riemannian space in RTG will exhibit isotropic and timelike
geodesic completeness. In accordance with RTG, an inertial
reference system is determined by the distribution of matter
and of the gravitational field in the Universe (Mach’s princi-
ple).

In GRT the fields of inertia and of gravity are insepara-
ble. A. Einstein wrote about this: “... there exists no real
division into inertia and gravity, since the answer to the ques-
tion, of whether a body at a certain moment is exclusively un-
der the influence of inertia or under the combined influence
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of inertia and gravity, depends on the reference system, i.e.
on the method of dealing with it”@. Fields of inertia satisfy
the Hilbert-Einstein equations. In RTG the gravitational field
and the fields of inertia, determined by the metric tensor of
Minkowski space, are separated, they have nothing in com-
mon. They are of different natures. The fields of inertia are
not solutions of RTG equations (5.19) and (5.20). In RTG
the fields of inertia are given by the metric tensor +,,, while
the gravitational field ®* is determined from the equations of
gravity (5.19) and (5.20).

In conclusion it must be noted that the idea that one can
arbitrarily choose both the geometry (G) and the physics (P),
since the sum (G+P) apparently seems to be the sole test
object in the experiment, is not quite correct. The choice of
pseudo-Euclidean geometry with the metric tensor v, is dic-
tated both by fundamental physical principles — the integral
conservation laws of energy-momentum and of angular mo-
mentum, and by other physical phenomena. Thus, physics (at
the present-day stage) unambiguously determines the struc-
ture of the space-time geometry, within which all physical
fields, including the gravitational field, develop. In accor-
dance with RTG, the universal gravitational field creates effec-
tive Riemannian space with a simple topology, and Minkowski
space does not vanish, here, but is manifested in the equations
of theory and reflects a fundamental principle — the relativity
principle. Effective Riemannian space is of a field nature.

On the basis of RTG one can draw the following general

35Einstein A. Collection of scientific works, M.: Nauka, 1965, vol.1,
art.33, p.422.
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conclusions:

Representation of the gravitational field as a physical field
possessing the energy-momentum tensor, has drastically al-
tered the general picture of gravity, earlier worked out on the
basis of GRT. First, the theory of gravity now occupies its
place in the same row as other physical theories based on the
relativity principle, i.e. the primary space is Minkowski space.
Hence, it immediately follows that for all natural phenomena,
including gravitational phenomena, there exist fundamental
physical laws of energy-momentum and angular momentum
conservation. Since a universal quantity — the conserved
energy-momentum tensor of matter (including the gravita-
tional field) is the source of the gravitational field, then there
arises effective Riemannian space-time, which is of a field na-
ture. Since the formation of effective Riemannian space-time
is due to the influence of the gravitational field, it automati-
cally has a simple topology and is described in a sole coordi-
nate system. The forces of inertia, unlike GRT, have nothing
in common with the forces of gravity, since they differ in na-
ture, the first arise owing to the choice of reference system in
Minkowski space, while the latter are due to the presence of
matter. The theory of the gravitation, like all other physical
theories (unlike GRT) satisfy the equivalence principle.

Second, the complete set of equations of the theory of gra-
vity permits to determine unambiguously gravitational effects
in the Solar system and leads to other (differing from those
of GRT) predictions both on the evolution of objects of large
mass and on the development of a homogeneous and isotropic
Universe. Theory reveals the formation of “black holes” (ob-
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jects without material boundaries that are “cut off” from the
external world) to be impossible and predicts the existence in
the Universe of a large hidden mass of “dark” matter. From
the theory it follows that there was no Big Bang, while some
time in the past (about ten-fifteen billion years ago) there ex-
isted a state of high density and temperature, and the so-called
“expansion” of the Universe, observed by the red shift, is not
related to the relative motion of matter, but to variation in
time of the gravitational field. Matter is at rest in an inertial
reference system. The peculiar velocities of galaxies relative
to inertial reference systems are due to inhomogeneities in the
density distribution of matter, which is precisely what led to
the accumulation of matter during the period, when the Uni-
verse became transparent.

The universal integral conservation laws of energy-momen-
tum and such universal properties of matter, as, for example,
gravitational interactions, are reflected in the metric proper-
ties of space-time. While the first are embodied in the pseudo-
Euclidean geometry of space-time, the latter are reflected in
effective Riemannian geometry of space-time, that arose owing
to the presence of the gravitational field in Minkowski space.
Everything that has a character common to all matter can be
considered as a part of the structure of the effective geome-
try. But, here, Minkowski space will be present for certain,
which is precisely what leads to the integral conservation laws
of energy-momentum and angular momentum, and, also, pro-
vides for the equivalence principle to be satisfied, when the
gravitational field, as well as other fields, are switched off.



Appendix A

Let us establish the relation
oL B 0L 0gap 0*L

_ , Al
&ywx 59&6 a%w &ymx ( )
here oL oL 0
_ —a( L), (A2)
N OV Ny,
oL _ oL s ( oL ) ’ (A.3)
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the asterisk in the upper formula (A.1) indicates the varia-
tional derivative of the density of the Lagrangian with respect
to the metric 7,, explicitly occurring in L. Upon differentia-
tion we obtain
oL _ oL OL  09ape n L 0gas
MNw — M  09apo  Vw 9905 OV ’
oL 0L OL  0Gapr
Mo Mo 9apr Mo
We substitute these expressions into formula (A.2):
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Now, consider expression
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For this purpose we shall write the derivative g,3,, in the form

99ap 99ap
af, o — 80 w agq) w AS8
s, afyAw ” * 8(I)Aw * ( )
hence it is easy to find
0907 _ 9o _gp (A.9)
Ny OV

Upon differentiating this expression we have

890:6 o 829a5 8290{6
0 = —0wt+ —r—0,P,,. (A.10
g <87,uu,p> a’)ﬁu/&f)/)\w ” * 87uuaq)Aw * ( )

On the other hand, differentiating (A.8) with respect to

Y We have

agaﬁ o 029015 azgocﬁ
— = OoVaw + =—7—0, P - A1l
87#1/ afy,ul/ 87)\(4; » 87#1/ aq))\w * ( )

Comparing (A.10) and (A.11) we find

ey (Br)
af)/,uz/ 87#’/7:0

Taking this relation into account, we obtain in (A.6)

L *L L L
oL _ 20 + OL  Ogap —a,( 0 >~ag“5”. (A.13)
57;;1/ 57/w agaﬁ a’}/uu agaﬁ,’r a’}/uu,a
Substituting (A.9) into (A.13) we find
5L:(SL+[8L_U<8L )]agagj AL4)
57}11/ 57}11/ 890{6 agaﬁ,cr 8%w
ie.,
5L 6L 0L  Ogas (A15)

5’7#!/ B 5’7#!/ 59115 . 8%w.
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The following is calculated in a similar manner:

5L SL 9§
59&6 B 5§Ap agozﬁ '

(A.16)

Making use of (A.16), one can write expression (A.15) as fol-

lows:

5L &L 6L 0¥
MNw Vw0 OV

(A.17)



Appendix B

The density of the Lagrangian of the gravitational field proper

has the form

Ly = Lgo + Lgm , (B.1)
1 ~o T A T A
Lgo = _16—7rg ’ ( MG — GaﬁGT)\) g (B.2)
Ly =1 (S G- v) . (B
o 16m \2 '“

The third-rank tensor G7 5 is

1
;,3 = igTA(Dagﬁ)\ + D,Bga)\ - D)\gaﬁ) ) (B4)

it is expressed via the Christoffel symbols of Riemannian space

and of Minkowski space:
Zﬁ = F;ﬁ - %;5 . (B-5)
Let us calculate the variational derivative of L, with re-
spect to the explicitly present metric of Minkowski space, 7,
0*Lgo  OLgo < dLgo )
= — 0, .
5'7;w 0’7,“, 87/1'/70
For this purpose we perform certain preparatory calculations:

oG oA 1

aB aB ( AV Av_
- =35 Y + Y Ya ) )
a’y;u/ a’}/uu 2 s g

(B.6)

(B.7)

OG’\/\ 87/\,\ 1 AL A

ar aA _ T ua + v g ,
af}/wj a,ywj 2(7 Tx DAt )\)
0Ghy Oy 1,

B = B = 26485 + 698%)+
afy,uu,o afy,uu,o 4 [7 ( g 6)
™ (010G + 670%) — (948, + 048%)] . (B.8)
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Differentiating (B.2) we obtain

oL T e oG

5 90 _ gaﬁ a\ G?r\ﬁ + ')r\a B _
Vuw 167 My My
aGZﬁ A T 8G7):)\

- GT)\ - Yag :
8%w 8fyu1/

Substituting into this expression formulae (B.7) we find

— T o T v GT VoK _G)\ TRV
D =4 { ) Vg TGN Ve 5T Tag

1 AN TV M 1 T A v 1 T AV 1 uv
_§GT)\7 7aﬁ_§Go¢ﬁ’y 77’)\_§Ga67 Yra :%B : (Bg)

With the aid of the derivatives (B.8) we obtain

oL 1
N pom (B.10)
Mo 327

where
AT = (GG GG — G

GG (GG + Gl — GG+
(N e e ) (B.10)

The density of the tensor A% is symmetric in indices u
and v. The ordinary derivative of this density can be repre-
sented in the form

0y ATH = Dy ATH — Al APV — ¥ ATHP,

Substituting into (B.6) expressions (B.9) and (B.10) we find

0*L 1 1
90 _ _B,uy__Dvo;w_'_
0V 327 327
1 1
B AP A fgou, B.11
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Now, we write the density of the tensor A°”” in the form

Aorv — (G?— fyTng,B Gp TO ~ 1/6) (Gl/ fy’Tng'ﬁ Gu TO ~ pﬁ)_
_(G)\ ,yrpg G)\)\,YTU pl/) + GO’ ,yrl/gpﬁ + Gp TV ~ Uﬁ
G)\)\,yﬂ/gcrp Go pz/ a,@

in the brackets, terms antisymmetric in indices ¢ and p have
been formed. Writing in such a way facilitates finding the
expression for the quantity 75, A%, since the terms antisym-
metric in indices o and p vanish automatically, here.

fy(/»;pAO'PV - QGTﬁfYUprTVgpI@
_G)\)\’yap’yﬂ/go—p GUﬁ’pr’prg (B : 12)
Representing in a similar manner A*” as

AT = (G PG =Gy M) + (G P57 =Gy §7) +
HGCHY G = GIAPGT) + GI G + GEy g —
—GAAG — GG,
where again in the brackets terms antisymmetric in the indices
o and p are formed, we obtain

o Aaup =2G° VZ,ﬁmgpﬁ _

G)\)\fyapfy g Ggﬁfygpfyupgaﬁ' (Blg)
Summing (B.12) and (B.13) one readily verifies the following
equality:
Vo, AT + vy AT = — B, (B.14)
Taking this equality into account we write expression (B.11)
in the form 5L )
N — DA (B.15)
0V 327

202



Taking into account the equalities

1
Gv):A = §g>\pDTg>\pu Di\/—g=v _gGi\)\ )
we find

G239 + Gisd™ = G = =D,

GTa9"" + Grag™ = GRG™ = —D:g"” (B.16)
GY50"7 + G 50" — GG = =Dy g

Substituting these expressions into (B.10") we obtain
AoHy — VTUDTguV + VHVDTgTU . fyT,u,DTgucr . fYTVDTg,u,o.

Substituting this expression into (B.15) we find

Ly 1
= Jw B.1
Yy 327TJ ’ (B.17)

where JH = —DJDT(’VTJg”V + ,yuug'ra o ,yrugua o ,y'rugua) )
On the basis of (B.3) we have

6* Lym m? o m? -
= v_qmy = g B.1
> Ul Rl (B-18)

Thus, taking into account (B.1) and applying (B.17) and
(B.18) we find
oL, 1
Y 32T

(J" — m2omy (B.19)

and, consequently,

0*L 1 ~
— 6’)/ g = E(—J“V +m2<1)“”) . (B20)
uv
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Appendix B*

In this Appendix we shall make use of expressions (B.2) and
(B.3) for the density of the Lagrangian L, and Ly, in order
to establish the following equalities:

5Lg0 1 5Lgm m2 *
5@04,3 = _16—71_Ra,37 5§a6 - 32—71_(904,3 - 7&5)7 (B 1)
here, by definition, the tensors gé%g, ‘;Lg—i’; are equal to

0Ly _ Lo _ o Ol OLgn _ OLgn _ o OLym

= — 0, , —— = — - . (B*2
5@0:5 8§a5 ag%ﬁ 5gaﬁ agaﬁ 8@%5 ( )

The tensor relations (B™) are most readily established in a
local Riemann reference system, where the derivatives of the
components of the metric tensor g,, with respect to the co-
ordinates are zero and, consequently, the Christoffel symbols
Fﬁy are also zero.
On the basis of the formula
oy, 1

a9 5 (g T+ g7 Thy) . (B*3)
uv

it is easy to establish that in the indicated reference system

the following equality holds valid:
8L90 _V -9 <gaugﬁu o %guugaﬁ>) %

0 167

X (%(oﬁi\ﬁ - %Tyﬁ”y;\,\) . (B*4)
Here, 77)-\6 are the Christoffel symbols of Minkowski space.
Making use of expression

8F£A _ 1 TSV SO 1Y TV (SISO
ag,uzx,o - 4 {g (60c6>\ + 6)\60c) + g (5016)\_'_
+0505) — 977 (6805 + 056)} (B%5)
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we obtain

aLgo v —4g

Q. 12 1 UV o o
= [(g gt — 59“ 9T —758)—

B 0G0 167
" , (B*6)
— (997 = 59" 9) (o — VQA)] :
Hence in a local Riemann reference system we find
-9 9Ly _ v (gaugﬁv _ lguvgaﬁ) .
700w, 16w 2
(B~7)

X [(acrrgﬁ - 85F3>\) - (807§ﬁ - 8ﬁ72,\)} .

On the basis of (B%4) and (B*7) the tensor (B73) in the local
Riemann reference system is

6Lg(] _ 8L90 —9 8L90 _ \/__g
80w 09w 0, 16w

1 vV lod
=59"9") (0155 — 04T ~ Rap(1)

(gaugﬁv_
(B*8)

In a local Riemann reference system the second-rank cur-
vature tensor of Riemann space, R,3(g), has the form

Raﬁ(g) = &rrgﬁ - 85Fg/\. (B~9)
In expression (B*.8), the second-rank tensor R,z(7) is

Ros(77) = 0s755 — OYon + VasVox — VaaVos-

In Minkowski space with the metric 7,, and Christoffel sym-
bols 77, the tensor R,s(7) equals zero. Taking into account
(BX9) and, also, that the tensor R,s(7) equals zero, the tensor
relation (B*.8) assumes the form

0Ly /g ( 1 )
— VI (g _ ZgmR) . B*10
09, 167 29 (B~10)
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This equality has been established in a local Riemann reference
system, but by virtue of its tensor character it holds valid in
any reference system.

Applying relation
dg = —ggasdg™”, (B*11)

find
we fin 9

gga8 — 993 (B.12)

On the basis of equality
9" 9ov = 04V =g (B*13)

it is easy to obtain the following relation:

05" ~ V=g

Since on the basis of Appendix A the following equality is

dg 1 [ 1 1 )
A {_5(9)\@91/6 + 9r89va) + 59&691/)\} . (Bn14)

valid:
5LgO o 5Lg0 . 89)\11

5§a6 B 59)\1/ 8?]0{6’
then, upon applying expressions (B71() and (B714) we find

§Lgo 1
— R, B*16
5g°f —  16m 7 (B16)

(B*15)

In a similar manner we have

0Lgy  OLgn m?

5§ 0ges 327r(

GaB — ’7043)- (B*-17)

Adding up expressions (B~16) and (B*17) we obtain

6L, 1 m?
= ——Rog+ ——(gas — Yas)- B*1
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It is also easy to obtain the following relation:

0Ly 0Ly Ogan _ETAanAV _
0g°%  dgan, 030 20 9§*0

1 1
= ——(Tug — =9asT). B*19
W= g( 6~ 59a6T) (B"19)
Here T* = —2%Lu i5 the density of the energy-momentum

6gku
tensor of matter in effective Riemannian space. At last we

present the following relations:

Du\/__ = 8,, ( %) = \/__gGi\Av
al/\/ -4 = _grz)/\)\v al/\/ - =V _nyzi\)n

(B*.20)

that are applied in obtaining equality (5.19).



Appendix C

For any given density of the Lagrangian L, in the case of an
infinitesimal change in the coordinates, the variation of the
action

S = [ La'a
will be zero. We shall calculate the variation of the action of

the density of the Lagrangian L,
SM = /LM(§“”,<I>A)d4:E

of matter and establish a strong identity. In the case of the
following transformation of the coordinates:

't = ot + ¢ (x) (C.1)

where £#(z) is an infinitesimal displacement four-vector, the
variation of the action under transformation of the coordinates

equals

oL oL
_ 4 M ~uv M . .
5cSM = /d T <5§HV6L9M + 5(I)A 5L(I)A + le) =0. (02)

In this expression div stands for the divergence terms, which
are not essential for our purposes.
The Euler variation is defined as usual:
oL  OL oL oL

= a0 9,0 2% 50,5,0)

The Lie variations 6,9", 0, P4 are readily calculated under
changes of the coordinates, if the transformation law of the
quantities g", ® 4 is applied:
009" = g DAg” + g Dag" — DA(§79"),
(C.3)
0,04 = —EDyBa + FI5PpDAE7,
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D, are covariant derivatives in Minkowski space. Substituting

these expressions into (C.2) and integrating by parts we obtain

SL 5L
Sy = /d4zr {—8 [Da (2 @ﬁga") — D, <5§;‘g> GP+

L L
+ DU <6 MF£;®B> + (;TMDA(I)A] —|—le} =0. (04)
A

0P

Owing to the arbitrariness of vector £*, we derive from this
equality a strong identity, which is valid independently of
whether the equations of motion for the fields are satisfied

or not. It has the form

SLar ., 0Lt ~as
o () ()

0L - oL
=D, ((M)MF;?A ch) - &TMDA@A (C.5)
We now introduce the notation
0Ly 0Ly
T, =2—— TH =_2—=2 — gteg"PT 5
T agn S T
- 0Ly
I j224 —
r=T gul/a TMV - 2(5@“”’ (06)
' oL ~ o ~v B 2 o~
T = —2—5§M = "9 Tag, T =T Gap.
pv

Taking into account this notation, one can write the left-hand
side of identity (C.5) as

o ~av 1~a T o ~av 1~a T
Do (Thvg™) — 29 P D\Top = 0n(Th,G™) — 59 BONT 5.

The right-hand side of this equation is readily reduced to the

form
o ~av 1 ~a3 2 ~ oy 1 ~
aa(T)\Vg ) - 59 a)\Taﬁ = .g)\l/va (T - 59 T> ) (07)
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where V, is the covariant derivative in Riemannian space.
We shall now represent the expression under the sign of the
covariant derivative V, in terms of the density of the tensor
T¥. To this end we take advantage of formula (A.16):

0Ly 6Ly 05

= . , C.8
690G 09 (©8)
where 508 5408 ) 5
g* ' 9
—— =+/—g - : g’ (C.9)
8gm, agpy 2 vV =9 ag,uz/
Using the relations
gaﬁgﬁa - 5?)
we find 508
ga 1 ap vB av . uf C
= —— ) .10
Do 599" + 9% g"") (C.10)
Applying the rule for differentiating determinants we find
dg = 99" g, (C.11)
from which we find 5
I = gg C.12
g 99" (C.12)

Substituting expressions (C.10) and (C.12) into (C.9) we ob-

tain

9g°" 1
6‘? = —5V=glg™g™ + ¢ " —g"g™] . (C13)
1%
Using this relation in (C.8) we find
0Ly 0Ly ap g _ 10LM op
— /= e Fgh | . 14
Sgm VI <5§aﬁg 9%~ 3 5zap9 9 (C.14)

With account of notation (C.6) this expression can be written

in the form

. 1 -
Vg =T — ST, (C.15)
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On the basis of equality (C.15), the strong identity (C.5)
assumes, with account of (C.7), the following form

. Sl o 6L
G VoI = —D0<M) F5A<1>B> - 5o, — 2Dy, or
5L 5L (C.16)
M ~B;o M
VoI = — FPodp | — =2 D&
A Ds <5<1>A A B) 6b,



Appendix D

A second-rank curvature tensor R, can be written in the form

10 1

5[9 (guﬁgup - §§W§W)D0D6§W -

~ ~K ~ ~K 1 ~K ~WT
_gupDnng r— g;mDqug p] + §guwngDug leig +

1 ~K ~WT 1 ~WK ~pT
+§guwgp7'Dug pDng - §guwgupDTg Dligp -

1 1

_Z(gwpgm' - §§wrgnp)Du§HpDV§WT -

1

~af~ (~  ~ [P ~K ~wT
_59 6ng(g;mguw - §g,uz/gnw)Dag ngg . (Dl)

Raising the indices by multiplying by ¢g“¢** and taking into

R, =

account the equation
D,g" =0, (D.2)
we obtain

€ 1~a ~e 1~e ~  ~q ~K
_gR A = 59 6DaDﬁg A — Zg Agnpg ﬁDaDﬁg p +

1.
+=Gpr G4 D" D™ +

2

]‘~ ~Av ~K, ~eT 1 ~€R ~ AT
+§gp'rg Dug pDng - §DT Dng -

. 1 ~ €U~V ~K ~WT
_i(gwpgm- - igum-gnp)g “g)‘ D“g prg -

1. ~q ~¢ ~\T 1. ~eA~  ~a ~K ~WT
=5009"" Dag? Dpd" "+ 135§ Grod™ Do D" (D.3)

Hence, we find

1 ~q ~€ ~q ~K, 1 ~K ~ T
_gR = 595)\9 ﬁDaDBg A Gkpd BDaDﬁg P4 §gp7'Dug pDngM_
1 1

_Z(gwpgn'r - 5.@07.&@) Vv _gguyDugﬁpDugw-r -
L e 9 DG D3 + GG Do Do (D.4)
9 pT € «a B pTYrw «a B . .
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With the aid of expressions (D.3) and (D.4) we find

€ 1 €

~ol(7 = 3478) =

S TN
= 335 vo9rk 3YvrYro «“ Da TDgg"" —

2{2<99 299)99 g 89
1~5)\~a6 ~  ~ Lo ~TCO ~VK
_ig g (gVUgTH_§gVIigTO'> Dag Dﬁg +
+3"G0r Dag " D" — §% G0 Dag " Dpg"" —

~ Ao~ ~Bo ~eT 1~5 ~ ~Bo ~aT
_g)\ g‘raDagﬁ Dﬁg + 59 )\gTUDO!gﬁ Dﬁg +

_'_DageﬁDﬁg)\a . gaﬁDQDﬁge)\} ) (D5)

It must be especially stressed that in finding expression (D.5)
we made use of equation (D.2). By substituting expression
(D.5) into equation (5.19) and writing the thus obtained equa-
tion in the form (8.1) we find the expression for the quantity
—16mgrs™:

ons Loonas 1

L1 o o
—167g75" = 5(5°5™ = 5979 ) (Guolrn = 5GroGun) ¥

X Do ®77 Dg®" + 4G G,y Do® T D@ — §95,., D, Ds®°T —
- N 1 - - - -
=5 Grs Da®” Dg® + 55 Gry Da®”’ Dg®™" + Do D™ —

8D, D — —m? (Vg3 — VAN + 55 0

1"’6 ~Q
—59 g 5%5)) (D.6)



Appendix E
Let us write the RTG equation (5.20)

Dog™ (y) = 8:97" (y) + 14s() 5 (y) = 0 (%)

in a somewhat different form. For this purpose, making use of
the definition of a Christoffel symbol,

1
Fgﬁ(y) = 591/0(0&906 + aﬁgaa - aagaﬁ)a (El)

we find
~Q, vo . Q, 1 vo
735" (y) = V=g (g 900 gop — 5979 Bé‘agag) . (E2)
Taking into account the equalities
1 1
F)\ = = 04,680 aB — aC}' -
oA 29 Gap \/_—g V g(y)u
8aga1/ — _gyggaﬁaagoﬁ (E?))

we rewrite (E.2) as

agUV
oy

Lo )3 (y) = —V=90,9"" = 9”70/ =g = — (E4)
With account of this equality the initial equation () assumes
the form

(Tos(¥) — 7as¥)g™ (y) = 0. (B.5)

[19%h

If we pass from coordinates “y” to other curvilinear coor-
dinates “2”, then the Christoffel symbols assume the form
A oy 022028
FMV(y): o A u9 v af
0z° Oyt dy
0?27 Oy

+8y“8y” e (E.6)

(2) +
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Applying this expression we find

A N7 ayA o af
T W)g™ (W) = 52 |Tas(2)g™ (2)+
D27 Oyt Oy’ .4
. @ . E.
+0y“0y” 920 987 (2) (E7)
On the basis of (E.4) we write expression (E.7) in the form
1 0 (. oy
A ng — _ __ po — <
o (y)g™ (y) =500 <g 02") +

82y)\ 8yA 8220 8y” ayu

: (z). (ES
0z210z° +8z" OyroyY 0z 9.8 (2) (E-8)

+g"?

Upon differentiating equality

0z oyt
=47 E.9
yr 0z~ ¢ (E-9)

with respect to the variable z° we obtain

0?27 Oyt Oy __%' PyH
Oyrdyr 0z 028 Oyt 020028

(E.10)

Taking into account this equality, in the third term of (E.8)
we find

A 2% - _ 1 9 ~uoa_y)\
L (v)g™ (y) 007 <g ag(,)- (E.11)

Substituting this expression into (E.5) we obtain

’ “Ply), (E.12)

0y = —7as(v)g
where O denotes the operator

~Vo

gt 0 (g 8)
/—g(z) 02" 0z7 )

(E.13)



14. Elements of tensor analysis and
of Riemannian geometry

Consider a certain coordinate system x®,¢ = 1,...n to be de-
fined in n-dimensional space. Instead of this coordinate system
one may also choose another one defined by expression

2= f(z%), a=1,..n. (14.1)

These functions must be continuous and have continuous par-
tial derivatives of order N. If the transformation Jacobian at
each point,

af*

differs from zero, then in this condition the variables ' will

, (14.2)

be independent, and, consequently, the initial variables ® can
be unambiguously expressed in terms of the new ones, x'“:

x* = p(2'?). (14.3)

Physical quantities must not depend on the choice of coor-
dinate system, and therefore they must be expressed in terms
of geometrical objects. The simplest geometrical object is a
scalar, that transforms in transition to the new coordinates as
follows:

' (2") = ®(x(z")). (14.4)

The gradient of a scalar function ®(x) transforms in accor-
dance with the rule for the differentiation of composite func-

tions,
09’ (z") 0P OxP
ox'e 0P Oz’

(14.5)
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Here, summation is performed over identical indices 3. The set
of functions transforming under coordinate transformations by
the rule ([4.) is termed the covariant vector

o0z

A (@) = Aga) 5. (14.6)

Correspondingly the quantity B, is a covariant second-rank
tensor, that transforms by the rule

ot onf
ox'v oz’

B.,(«') = Bag() (14.7)

and so on.
We shall now pass to another group of geometric objects.
Consider transformation of the differential of coordinates

I
o' = %dwa. (14.8)

A set of functions transforming under coordinate transforma-
tions by the rule ([4:§) has been termed a contravariant vector,

ox'*

- Oxo

A () A%(z), (14.9)

correspondingly, the quantity B*” a contravariant second-rank
tensor transforming by the rule

ox'* ox'"
_ " npap
 Qx OB (z)

and so on. Expressions ([4.9), ([4.7), ([4.9) and ([4.10) per-

mit to write the transformation law of tensors of any form.

B (2 (14.10)

For example,

ox'*  OxP _
= o o 3

B (a)

(14.11)
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From the transformational properties of a tensor it follows
that, if all its components are equal to zero in one coordinate
system, then they equal zero in another coordinate system,
also. It is readily verified that the transformations of covariant

and contravariant quantities exhibit the group property. For

example:
ox'™ ox"
T o e ( M\ W
AP = SEAT (@), A (o) = S AN,
(14.12)
ax//u al,/p ax//lz
"y I\ . a _ o
AT(") = ox'* Oz (z) Ox® (z).

Now, let us pass to tensor algebra. Here, four operations are
possible: addition, multiplication, convolution, and permuta-
tion of indices.

Addition and subtraction of tensors

If we have tensors of identical structure, i.e. that have the
same number of contravariant indices and the same number of

covariant indices, for example,

A8 pab

prod pro?

then it is possible to form the tensor

Caﬁ :Aaﬁ _I_Baﬁ

pro uro pvo*

(14.13)

Multiplication of tensors

Tensors can be multiplied independently of their structure.
For example,
afB\N __ paf A
Chvep = Ao " B (14.14)
Here, both the order of multipliers and the order of indices

must be observed.
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The convolution operation of tensors

With the aid of the Kronecker symbol

0 at pu#v
n—
ok { 1 at p—w, (14.15)
which is a tensor, it is possible to perform the convolution

operation of indices, for example,
af v __ AaQf
AL, 0, = Al (14.16)
Here, on the left, summation is performed over identical in-

dices.

The permutation operation of indices

By permutation of indices of the tensor we obtain another ten-
sor, if the initial tensor was not symmetric over these indices,
for example,

By = AT (14.17)
With the aid of this operation, as well as addition, it is possible
to construct a tensor that is symmetric over several indices.

For example,

1
A(HV) = 5(/1#,, + Auu)- (14.18)

It is also possible to construct a tensor, that is antisymmetric
over several indices. For example,
1

Ay = (A = Auy). (14.19)

Such an operation is called antisymmetrization.

Riemannian geometry

A Riemannian space V,, is a real differentiable manifold, at
each point of which there is given the field of a tensor

G (2) = g (at, ... 2" (14.20)
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twice covariant, symmetric and nondegenerate

G = G, 9 = det|gu| #0. (14.21)

The tensor g, is called a metric tensor of Riemannian space.
The functions g,, are continuous and differentiable with re-
spect to all variables z',..., 2" up to the n-th order.

With the aid of the metric tensor in Riemannian space it
is possible to introduce an invariant differential form termed
an interval

(ds)? = g (z)dx"dx". (14.22)
With the aid of coordinate transformations this form at any
fixed point can be reduced to a diagonal form. Here, in the
general case, the diagonal components of the matrix g, will
not all be positive. But, by virtue of the law of inertia for
quadratic forms the difference between the amounts of pos-
itive and of negative diagonal components will be constant.
This difference is called the signature of a metric tensor. In an
arbitrary Riemannian space V,, the interval will exhibit alter-
nating signs. We shall further call it timelike, if ds? > 0, space-
like, if ds? < 0, isotropic, if ds*> = 0. These terms originated
within special relativity theory, where space and time form
a unique manifold, while the interval in Cartesian (Galilean)
coordinates has the form

do? = (dz°)? — (dz')? — (dz*)? — (da®)*. (14.23)
In arbitrary coordinates it assumes the form
do® = v, (z)da"dz" . (14.24)

Since the determinant |g,, | # 0, we can construct a contravari-
ant metric tensor with the aid of equations

Guag”" =0, (14.25)
220



With the aid of tensors g,, and g’ it is possible to raise and

to lower indices

A =g A, A, = g, A°. (14.26)

Geodesic lines in Riemannian space

Geodesic lines in Riemannian space play the same role as
straight lines in Euclidean space. They are called extremal
lines. For defining an extremal we shall take advantage of vari-
ational calculus. The essence of variational calculus consists
in generalization of the concepts of maximum and minimum.
The issue is not finding the extremum of a function, but find-
ing the extremum of a functional, i.e. finding such functions,
that make it an extremum. The distance between close points
in Riemannian space is determined by the interval ds. The
quantity ds is not a total differential. The interval between

points a and b is

b b
S = /ds = /\/gw(:)s)dx“dx”. (14.27)

The extremum is determined by the relation

5/bds = /bé(ds) = 0. (14.28)

Thus, such functions g,,(z) are sought, that provide for the

functional (integral) achieving its extremum:

§(ds*) = 2dsé(ds) = 0(g, (z)dztdz”) =
_ gy

D dx7daxtdx” + 2g,, (x)dx" 6 (dx”). (14.29)
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We note that
d(dx") = d(dz"). (14.30)

On the basis of (14.29) and ([[4.30) we have

109, dx*
5%U”dm”5z”+ng”d(5$”), r =2 (14.31)

d(ds) = 7
Substituting ([4.31)) into ([4.2§) we obtain

b
109w ;.4 L d(0z”)
= _—— v a — . 14 2
59 G/[Q&EUUUax g Ur S ds = 0. (14:32)
Since
d(6z")  d d
yU" = — (g U"02") — 62" —(g,, U"),  (14.
U P ds(g“ Utox”) — ox ds(g“ U") (14.33)
and at the integration limits da” = 0, from ([[4.32) we obtain
b
10g au*
5 = [ | =99 ppugw _ g 2
S a[?&vUUU I s
997 13 dssa = 0. (14.34)

We now represent the last term in (14.34) as

ag o 1 ag o ag)\a
A _ A
vru Tgﬁ—i(agﬁl T aw ) UV (14.35)

Substituting ([4.35) into (14.34) we find

b
58 = / [U“U)‘% (agua i IGro _ (9g,M> n

oz oxt 0x°

au+
—l—gwgl dsoz® = 0. (14.36)
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Since the variation 0z is arbitrary, the integral (14.36) turns
to zero, only if

dU” 1 <agp,a ag)\a i agu)\

I g T\ or T oun T Bue

Multiplying ([4.37) by ¢°* we obtain
ajge .
— reU*U* =0, (14.38)

where the Christoffel symbols I}, are

) UrU* = 0. (14.37)

1
Fff,\ = 59(10(@\9“0 + 0ugre — (%gu)\). (14.39)

The Christoffel symbols are not tensor quantities. Pre-
cisely equations ([4.3§) are the equations for a geodesic line.
There are four of them, but not all are independent, since the
following condition takes place:

G (2)UPU = 1. (14.40)

By transformations of coordinates x* it is possible to equate
the Christoffel symbols to zero along any not self-intersecting
chosen line [27).

Covariant differentiation

We now take an arbitrary covariant vector A, and form its
convolution with the vector U?, and thus obtain the scalar

AU, (14.41)

upon differentiating it with respect to ds we also have a scalar:

d dA, duv

—(AUMN = 22U+ A =

ds( W) ds vt+ A ds
0A, A duv

= _—2U°U A, ) 14.42
o0x° + ds ( )
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Substituting into the right-hand side expression ([[4.3§) we
obtain

A
%(AAUA) = [% - rgAA,,] UU. (14.43)

Since ([4.43) is a scalar, and U? is a vector, we hence have a

second-rank tensor

DA, 0A,
Ayyg = = -Iv,A,. 14.44
AT o ox° gAY ( )

Here and further a semicolon denotes covariant differenti-
ation. Thus, we have defined the covariant derivative of the
covariant vector Ay. We shall now define the covariant deriva-
tive of the contravariant vector A*.

To this end we write the same scalar in the form

d 5 0A*
(AU g) = 5 U U g +
dU* B
+A”gu,\ﬁ —l—AuU U Oaglw. (1445)

Substituting into the right-hand side expression ([433§) we
obtain

0AH

Oz

d
£(A“U”gm,) =U"U’ [gm,

—AtgaTo + A“aggm,] . (14.46)

Taking into account expression ([4.39) we have

d 0AH

ARV — 0
7 AU gw) [fmu 50+

1
+§(aagul/ + augau - anO'M)AM‘| Uurue. (1447)
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Representing U” in the form
U = Uyg™ (14.48)

and substituting it into relation (14.47) we obtain

d 0A>

—(A"U" ) = | =— + T2, A" | UU,. 14.49
dS( gll ) [&E" + o ‘| A ( )
Since this expression is a scalar, hence it follows that the con-

travariant derivative is a tensor,

DAY 0AN
AN = =
7 dx° o0x°

A
+ X AR, (14.50)

Thus, we have defined the covariant derivative of the con-

travariant vector A*.

Applying formulae ([4.44) and (I4.50), it is also possible
to obtain covariant derivatives of a second-rank tensor:

OA,,
Apo = aggi — T, An — o, A, (14.51)
DA
A = TH A 4 TV, A (14.52)
v aAV A v v A
Ar = &65 — T, A5+ Ty A (14.53)

Making use of expression (14.51) it is easy to show, that

Guvio = 07

i.e. the covariant derivative of a metric tensor is equal to zero.

The Riemann-Christoffel curvature tensor

In Riemannian space the operation of covariant differentiation
is noncommutative. Covariant differentiation of vector A,
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first, with respect to the variable x* and, then, with respect

to z¥ leads to the following expression:

A,
Ay = 3&;“ [T\ Ary —T7, Ay, (14.54)
but since
Ay A
Ay = 0 —IA- Ay & -7 _A,,
"o Ot ¥ (14.55)
814)\ o :
A)\U' = % - )\TA0'7

upon substitution of these expressions into ([4:54) we have

82 Ay DA, DA, DA,
Ay = —2 —T] =L —1T7 — 17 -
L e T T
or7y
—A, ag;” + I\ Ay + 17,15, A, (14.56)

We shall now calculate the quantity Ay,,:

0Ax.
ozt

with account of the expression

Ay = T\ Ary — T A, (14.57)

Ay = I _prog g, =Y A
v — 01’” DV EE ) TS5V &EV Tviio (14 58)
" .
A)\;T = % - FKTAO'?
relation ([4.57) assumes the form
A = P e 04 0A: L 04y
AVI T D pn gy A D A Qv " OxT
—A, %FA” + 7,07, Ay + 17,15, A, (14.59)
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On the basis of (14.56) and (14.59), only the following terms
are retained in the difference:

oryg, GFKH

ozt oz

A)\;uu - A)\;Vu = AO’ [

The quantity RS, is termed the Riemann curvature tensor

ag a:[‘g\rl/ arg\- T ag T g
S = o = oot Tl — Tl (14.61)

From this tensor it is possible, by convolution, to obtain a
second-rank tensor, the Ricci tensor:

R Do . argu - ario‘
R T N Y

We note that for an interval of the form ([4:23) or ([4:24) the

curvature tensor equals zero.

+T0, 09 —T7,T9 . (14.62)

From expression ([[4.6]]) it is obvious that the curvature

tensor is antisymmetric with respect to the two last indices
1L, V:

a log

v — T FWwp

It is possible to construct a curvature tensor with lower indices:
Roxw = Gpo RS0 -
It possesses the following symmetry properties:
Roaw = —Boppwr = —Rprvps Bpaw = Buvpa.

We see that the curvature tensor is antisymmetric both with
respect to the first pair of indices and with respect to the
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second. It is also symmetric with respect to permutation of
index pairs, without any change of their order.

In Riemannian space there exists a local coordinate sys-
tem, within which the first derivatives of the components of
the metric tensor g,, are equal to zero. Here, the Christoffel
symbols are, naturally, also equal to zero. Such coordinates
are called Riemann coordinates. They are convenient for find-
ing tensor identities, since if it has been established, that in
this coordinate system a certain tensor is zero, then, by virtue
of tensor transformations, it will also be zero in any coordinate
system.

The curvature tensor in a Riemann coordinate system is

S = 0TS, — 0,15, (14.63)

The covariant derivative of the curvature tensor has the form

T = 0,075, — 0,0,T5,. (14.64)

Auvip
Cyclically transposing indices p, v, p and adding up the ob-

tained expressions we obtain the Bianchi identity

+ RS + B = 0. (14.65)

ag g
Apvip Avp;p

Performing convolution of indices ¢ and v we obtain
— Ryup + RS0 + Bap = 0. (14.66)
We multiply this expression by ¢*:

« Aa po o
—R, + (9 R/\pu)?ff + Ry, =0.

We have, here, taken into account the previously established

property of metric coefficients consisting in that they can, in
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case of covariant differentiation, be freely brought or taken out
from under the derivative sign.
Performing convolution of indices p and a we obtain

- R0+ (g’\pRKpu);U +0,R=0, (14.67)
where
R=R)=R,g"

is the scalar curvature.
Let us consider under the derivative sign the second term

in identity ([4.67):

9 /\pr\rpu - g/\pgwRMW = gwg/\kauup = gngup = _RZ‘

We have, here, applied the symmetry properties of the curva-
ture tensor and the definition of the tensor R, . Substituting
this expression into ([4.67) we obtain

1 1
(RZ — §5ZR)W = VP(RZ — §5ZR) =0. (14.68)
We now introduce the notation

1
Gl = Rf, — SOIR. (14.69)

I

On the basis of (14.53), identity ([[4.68) can be written in the
expanded form

oG"
&55 — IG5 +T1,Gh =0, (14.70)

taking into account that

V.G, =G, =

v :1 w/aglﬂ’

= 59" 5.5 (14.71)
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and differentiating the determinant g,

ag yag vV

we find, by comparison of ([4.71]) and ([4.79), the following;:

I | dg 1 —

Substituting this expression into ([[4.70]) we obtain

V. (V=9G) = 0,(v/—9GY) — V=g, G5 =0.  (14.74)
Making use of expression ([4.39), we find for the Christoffel
symbol

1 0 Ao
0.(V=9Gp) + 5 aip V—=9Gr = 0. (14.75)

Such an identity was first obtained by D. Hilbert. It was neces-

sary for constructing the equations of general relativity theory.

In conclusion we shall show that the quantity determining
volume

v = / —g'dx" dz" ' da* ' da®’ (14.76)

is an invariant under arbitrary transformations of coordinates.

Under coordinate transformations we have

or*  0z°
/ no__ .
g/,l,l/(x ) - gAU(x) ax/u ax/y .
We write this expression in the form
oz oz’

/ /
g,uz/(x) = o' : g)\aﬁ-

We shall, now, calculate the determinant g’ = det gj,,,

, O 0x°
g = det <g0,\w> det (8:6’”) =

ox? 0x?
= det(gy,) det (8x’“> det <8x"’> .
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Hence, we have
g =gJ% (14.77)

Here J is the transformation Jacobian,

Ozt 22, 2%)
0(1'0/, 171’, 1’2/, 1’3’) :

J = (14.78)

Thus,
V=9 =+v—gJ. (14.79)

Substituting this expression into ([4.76) we obtain

dx®dxt da? da? =

, A2t 2%, 23
. :/\/__90(( )

:L’O’, l.l/’ $2/’ x3l)

- / V—gda’dzt datdz. (14.80)

But the right-hand side represents volume
v= / v/ —gda®datdada®. (14.81)
Thus, we have established the equality
v =w. (14.82)
Hence it follows, that the quantity

V—gd'z (14.83)

is also an invariant relative to arbitrary coordinate transfor-
mations.

Certain special features of Riemannian geometry should be
noted. In the general case, Riemannian space cannot be de-
scribed in a sole coordinate system. For its description an atlas
of maps is necessary. Precisely for this reason, the topology of
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Riemannian space differs essentially from the topology of Eu-
clidean space. In the general case, no group of motion exists
in Riemannian space. In pseudo-Euclidean space, described
by the interval ([4.23) or ([4.24), there exists a ten-parameter
group of space motions.

The main characteristic of Riemannian geometry — the
curvature tensor RJ,, — is a form-invariant quantity relative
to coordinate transformations. The tensor R, is also a form-
invariant quantity. Here, form-invariance is not understood
as one and the same functional dependence of the curvature
tensor upon the choice of coordinate system, but identity in
constructing the curvature tensor for a given expression g, (),
similarly to how expression

0 A”(z)

is written in the same way in Galilean coordinates in differing
inertial reference systems for a given expression A”. There
exists an essential difference between invariance and form-
invariance. for example, the operator v*(z)D,D, (where
v (z) is the metric tensor of Minkowski space) for arbitrary
coordinate transformations is an invariant, i.e. a scalar, but
it is not form-invariant. It will be form-invariant only in the
case of such coordinate transformations, under which the ten-

sor v*(z) remains form-invariant, i.e.
" (xz) =0.
The curvature tensor varies under gauge transformations
(3.16) according to the following rule:

56Ruuaﬁ = _Ral/aﬁDuea - RuaaﬁDuea_
—RWJUQDQEU - ijaoDQEU - EUDoRuyaﬁ.
232



This variation is due to arbitrary coordinate systems not being
physically equivalent.

Within the text of this book there are encountered, to-
gether with covariant derivatives in Riemannian space, Vj,
covariant derivatives in Minkowski space, D). The difference
consists in that in constructing the covariant derivatives D,
it is necessary to substitute into formulae ([4:50 - 14.53) the
Christoffel symbols of Minkowski space, 7,4, instead of the
Christoffel symbols of Riemannian space, '3,

In conclusion, we present the Weyl-Lorentz—Petrov theo-
rem [2I]]. Coincidence of the respective equations of isotropic
and timelike geodesic lines for two Riemannian spaces with
the metrics g, () and g, (7) and with the same signature —2
leads to their metric tensors only differing by a constant fac-
tor. From this theorem it follows that, if in one and the same
coordinate system x we have different metric tensors g, (z)
and g,,(z), then, in identical conditions, different geodesic
lines, and, consequently, different physics, will correspond to
them. Precisely for this reason, the situation, that arises in
GRT with the appearance of a multiplicity of metrics within
one coordinate system, leads to ambiguity in the description
of gravitational effects.



ADDENDUM

On the gravitational force

The expression for the gravitational force is presented at page
66. We shall now derive this expression from the equation of a
geodesic in effective Riemannian space. The equation for the
geodesic line has the form
dp” dx”
ds ds
In accordance with the definition of a covariant derivative in

+ 0" =0, p¥ =——, ds® = g datda” > 0. (1)

Minkowski space we have
Dp”  dp”

— v a3 2
T = e T asP P (2)
Applying (1) and (2) we obtain
Dp”
= —G¥.p°p°. 3
ds oeﬁp p ( )
Here
Zﬁ = FZB - 725 (4)

We shall write the left-hand side of relation (3) as

Dp*  (do\*|DV¥ Lo dz”
ds

I Io +V”(Z_U)2 , VY= T (5)

Here V' is the timelike velocity four-vector in Minkowski space,

that satisfies the condition

Y VHVY =1, do® > 0. (6)
Substituting (5) into (3) we obtain
DV” e
—d‘; = —GLVeVP -y (7)

(%)
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From (6) we have

o\’ o B
5| = Vs (8)

Differentiating this expression with respect to ds we obtain
2o
L = —GagV VeV (9)
(%)
Substituting this expression into (7) we find [4]
DV¥
do

= —GhaVeVP (s —V'V,). (10)

Hence it is evident that the motion of a test body in Minkowski
space is due to the action of the force four-vector F":

FY = _Ggﬁvavﬁ((gz — V'V, V=%V (11)
One can readily verify that
"V, =0. (12)

By definition, the left-hand side of equation (10) is

Dvv. dv"
do  do
It must be especially noted that the motion of a test body

+ gV OVE. (13)

along a geodesic of effective Riemannian space can be rep-
resented as motion in Minkowski space due to the action of
the force F”, only if the causality principle is satisfied. The
force of gravity and the Riemann curvature tensor, arising
from the gravitational equations (5.19) and (5.20), are cor-
related. Thus, if the curvature tensor is zero, then, by virtue
of equations (5.19) and (5.20), the gravitational force will also
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be equal to zero. When the curvature tensor differs from zero
and R, # 0, the force of gravity will also not be zero. And,
on the contrary, if the force of gravity F", arising from equa-
tions (5.19) and (5.20), differs from zero, then the Riemann
curvature is also not zero. Equating the gravitational force F"
to zero results in the Riemann curvature tensor being equal to

zZero.

Is the metric field of a non-inertial
reference system a special case of the
physical gravitational field?

From the causality conditions (6.10) and (6.11) it follows that,
if the vector L” satisfies the condition

Yw L' LY <0, (1)

then the inequality
guL'L” <. (2)

should also be fulfilled. We now form the convolution of equa-
tion (10.1) with the aid of the vector L” defined by inequality

(1),

1
m*y,, L'L" = 167 <TW -3 g,WT> —

—2R,, L*LY +m?g,, L'L". (3)
Since we are only considering metric fields of Minkowski space,
equation (3) is simplified:

1
m27w,L“L” = 167 (Tw — §guyT> + ngu,,L“L”. (4)

In the case of an ideal fluid, the energy-momentum tensor of
matter has the form
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T/W = (p +p)UuUu — P,

dxt
T=T,¢" =p—3p, U =—.
wd P p ds

Substituting (5) into (4) we obtain
mz%wL“LV = 167(p +p)(UuL“)2_

m

2
—8m g LM LY (p —p— 8—7T> . (6)

From conditions (1) and (2) it follows that the right-hand side
of equation (6) is strictly positive, since

m2

while the left-hand side of equation (6) is strictly negative.
Hence it follows that in the presence of matter no metric field
of Minkowski space satisfies the gravitational equations, and
therefore the metric fields arising in non-inertial reference sys-
tems of Minkowski space cannot be considered gravitational
fields. In the absence of matter, p = p = 0, equation (6) has
the sole solution

Gu () = Yy () (8)

On the covariant conservation law

The covariant conservation law of matter energy-momentum
tensor density 7/ in General Relativity (GRT) takes in Rie-
mannian space the following form

1

v v - . 0Ly
VT, =0T, = 5T 2ulor, T =-2

590)\ '

(1)
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This equation is a straightforward consequence of Gilbert-
Einstein equations. Though the equation has a covariant form,
nevertheless the energy-momentum conservation law of matter
and gravitational field taken together has in GRT a noncovari-
ant appearance
o,(T, +7,) = 0. (2)

Just by this way the gravitational field pseudotensor 7./, which
is not a covariant quantity, arises in GRT. It is impossible
in principle to write conservation equations of the energy-
momentum of matter and gravitational field in the generally
covariant form. The idea that the gravitational energy cannot
be localized in GRT has arisen from this fact.

If we will not use Eq. (8.2) in the derivation of Egs. (8.1),
then gravitational equations will take the following form

VAT mP o) = 16my/—g(T +13) . (3)
Here t;’\ is the energy-momentum tensor density for the grav-
itational field.

167 /__gtsA — —D“Do((%‘g)\(%lw . Qgeu&)\a)_'_
+Dg¢a>\Du¢’w o DH¢EMDU¢AJ+
+%g€>\ngD;£¢apDoi¢w— - gp‘rgeuDuﬂSangQS)\T_
~Gor " D0 Do + G,rg™ Do D+ (4)
+% (gﬁpgar - %gﬁ'rgoep) X ~ 3
% (gaug)\l/ _ %ga)\guu) Du¢ApDV¢67_
—m? ( /__ggaA _ /—_,y(bak + gaag)\ﬁ,yaﬁ _ %ga)\gaﬁvaﬁ) ]
Ja)\ — _DuDu(vuugaA + ,ya)\g;w o ,yaugu)\ o ,}/E;,Lg)\l/). (5)

Let us mention that expression

Do(qge)\éuo - Qgeu(%)\cr)
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is antisymmetric under permutation of indicies A p, and so
the following identity takes place:

DAD, Do (2" = 6767 = 0.

It is also easy to get convinced, that the following equation is
valid
DyJ7* =0. (6)

Gravitational field equation (3) can be presented also in other
form (5.19)

V=g (R — g™ R) +
2

5 [+ (39" = 399" ) o] = 87T

(7)
From Egs. (7) it follows

1 179Ne’; v
m?/—g <g‘“g”ﬁ - 59“ g 5) Vi Vap = 162V, T . (8)

By taking into account relation

V;/Vaﬁ = _Gzoﬁaﬁ - GZﬁ’VJOc ) (9)
we find
(gﬂagl/ﬁ _ %guugaﬁ) V,u’)/aﬁ — (10)
= —g"9"P G5 os — 9" 9P G g Y00 + 9" 9P Gy Vas -

It is easy to see that the following identity takes place:
— 9" 9" G s Voa + 9" 9P GG Vo - (11)
Therefore we have

o UV 1 UV o UV o
(g“ 9" — 59“ g 5) Vivas = —9" "G00 - (12)
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By substituting expression (4.5) instead of G, we get

(0" ~ 36°%) V200 =

= 9" (Dog™ + GZ,9°) . 1)

After taking into account Eq. (13), Eq. (8) takes the following
form

167V, T = m*v/=g % 0" (Dog™ + GZ,9™) . (14)
Applying equation
V=9 (Dag™ + GZ,9™) = D,6™, (15)

we find
mQ%,\DJgE“’\ = 167V, TV . (16)

According to Eq. (3) we have
m?¢7 = J + 167T\/% (177 +15*) . (17)

Substituting Eq. (17) into Eq. (16) we get

g g a v
D, [\E (77 +tgA)1 — YAV, T (18)

When matter equations of motion are valid we have
0Ly
— =0. 19
5o (19)
According to strong identity (.16) the following equality is

valid
vV, =0, (20)

v
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and therefore, according to Eq. (18), the covariant conser-
vation law for energy-momentum of matter and gravitational

field taken together is as follows

D, [V=g (T +")] =0. (21)

So, if in GRT covariant law (1) leads to a noncovariant
conservation law for energy-momentum of matter and gravita-
tional field (2), and also to arising of a noncovariant quantity —
pseudotensor 7, of the gravitational field, then in RTG covari-
ant law (1) together with gravitational equations written in a
form (3) or (7) exactly leads to the covariant conservation law
for energy-momentum of matter and gravitational field writ-
ten in a form (21). In Eq. (21) the gravitational component
V—gt7* enters in additive form under the Minkowski space
covariant derivative symbol, whereas the gravitational compo-
nent disappears from Eq. (20), it is used for generating the
effective Riemannian space and so only the energy-momentum
tensor density of matter in Riemannian space stays under the
covariant derivative symbol. The presence of covariant conser-
vation laws (21) is just the point to see that the gravitational
energy as also all other forms of energy is localizable.

H.Poincare On the dynamics of the
electron

(5 June 1905)@. (The comments are italicized and indicated
by an asterisk).

36Poincare H. Sur la dynamique de lelectron // Comptes rendus
hebdomadaires des seances de 1’Akademie des sciences. — Paris, 1905. —
V.140. — P.1504-1508.
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It seems at first sight that the aberration of light and the re-
lated optical and electrical phenomena would provide us with
a means of determining the absolute motion of the Earth, or
rather its motion not with respect to the other stars, but with
respect to the ether. Actually, this is not so: experiments
in which only terms of the first order in the aberration were
taken into account first yielded negative results, which was
soon given an explanation; but Michelson also, who proposed
an experiment in which terms depending on the square aberra-
tion were noticeable, also met with no luck. The impossibility
to disclose experimentally the absolute motion of the Earth
seems to be a general law of Nature.

* “BExperiment has provided numerous facts justifying the
following generalization: absolute motion of matter, or, to be
more precise, the relative motion of weighable matter and ether
cannot be disclosed. All that can be done is to reveal the mo-
tion of weighable matter with respect to weighable matter” B,

The above words written by Poincare ten years earlier quite
clearly demonstrate that his vision of a general law determin-
ing the impossibility of absolute motion of matter had been
maturing since long ago.

In development of his idea on the total impossibility of
defining absolute motion in relation to the new hypothesis, put
forward by Lorentz and according to which all bodies should
experience a decrease in length by 1/2-107% in the direction of
motion of the Earth, Poincare wrote:

“Such a strange property seems to be a real coup de pouce

presented by Nature itself, for avoiding the disclosure of ab-

3TPoincare H. On Larmor’s theory // The relativity principle: Col-
lection of works on special relativity theory. — Moscow, 1973. — P.7.
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solute motion with the aid of optical phenomena. I can’t be
satisfied and I must here voice my opinion: I consider quite
probable that optical phenomena depend only on the relative
motion of the material bodies present, of the sources of light
or optical instruments, and this dependence is not accurate
up to orders of magnitude of the square or cubic aberration,
but rigorous. This principle will be confirmed with increasing
precision, as measurements become more and more accurate.

Will a new coup de pouce or a new hypothesis be nec-
essary for each approximation? Clearly this is not so: a well
formulated theory should permit proving a principle at once
with all rigour. The theory of Lorentz does not permit this yet.
But, of all theories proposed it is the one nearest to achieving
this goal” .

In a report to the Congress of art and science held in Saint
Louis in 1904 Poincare among the main principles of theoret-
ical physics formulates the relativity principle, in accordance
with which, in the words of Poincare, “the laws governing phys-
ical phenomena should be the same for a motionless observer
and for an observer experiencing uniform motion, so there is
no way and cannot be any way of determining whether one
experiences such motion or not”@.

An explanation has been proposed by Lorentz, who has
introduced the hypothesis of a contraction experienced by all
bodies in the direction of the motion of the Earth; this con-

traction should account for Michelson’s experiment and for all

4OPoincare H. Electricite et optique: La lumiere et les theories elec-
trodynamiques. — 2 ed., rev. et complettee par Jules Blondin, Eugene
Neculcea. Paris: Gauthier—Villars, 1901.

41Poincare H. L'etat et I'avenir de la Physique mathematique // Bul-
letin des Sciences Mathematiques. — Janvier 1904 — V.28. Ser.2 —
P.302-324; The Monist. — 1905. V.XV, N1.
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other relevant experiments performed to date. It would, how-
ever, leave place for other even more subtle experiments, more
simple to be contemplated than to be implemented, aimed at
revealing absolute motion of the Earth. But considering the
impossibility of such a claim to be highly probable one may
foresee that these experiments, if ever they will be performed,
to once again provide a negative result. Lorentz has attempted
to complement and alter the hypothesis so as to establish a
correspondence between it and the postulate of total impos-
sibility of determining absolute motion. He has succeeded in
doing so in his article entitled Electromagnetic phenomena in
a system moving with any velocity smaller than that of light
(Proceedings de I’Academie d’Amsterdam, 27 May 1904).

The importance of this issue has induced me to consider
it once again; the results I have obtained are in agreeement
with those obtained by Lorentz in what concerns all the main
points; I have only attempted to modify them somewhat and
to complement them with some details.

The essential idea of Lorentz consists in that the equations
of the electromagnetic field will not be altered by a certain
transformation (which I shall further term the Lorentz trans-
formation) of the following form:

o =Allx—pt), Y =ly 2 =lz, t'=~l(t—pPx), (1)

where x,y, z are the coordinates and ¢ is the time before the
transformation; and z’,y/,z’ and t' are the same after the
transformation. The quantity 3 is a constant determined by

the transformation .

7:7/m>

while [ is a certain function of (:
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*  Poincare writes: “The idea of Lorentz”, but Lorentz never

wrote such words before Poincare. Here, Poincare formulated
his own fundamental idea, but attributed it fully to Lorentz.
Probably more than any other person, did he always highly
esteem and note each person, who gave his thought an impetus
and presented him with the happiness of creativity. He was
totally alien to issues of his own personal priority.

From formulae (1) it is immediately seen that the condition
x = [t corresponds to the origin (' =y’ = 2’ =0) of the new
reference system. In other words, the new origin is shifted in
the reference system x,y, z with a speed B along the x-axis.

Thus, the Lorentz tranformations relate the wvariables
(x,y, z,t) referred to one reference system and the variables
(', y', 2/, ') in another system moving uniformly in a straight
line along the x-axis with the velocity ( relative to the first
system.

Proof of the statement that the equations of the electro-
magnetic field do not alter under the Lorentz transformations
signifies that electromagnetic phenomena are described in both
reference systems by identical equations and that, consequently,
no electromagnetic processes can be utilized to distinguish be-
tween the (x,y, z,t) reference system and the (x',y’, 2’ t') ref-
erence system moving uniformly in a straight line with respect
to the first system.

We see that invariance of the equations of the electromag-
netic field under transformations of the Lorentz group results
in the relativity principle being fulfilled in electromagnetic phe-
nomena. In other words, the relativity principle for electro-
magnetic phenomena follows from the Mazwell-Lorentz equa-
tions in the form of a rigorous mathematical truth.
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In this transformation the x-axis plays a particular role,

but it is clearly possible to construct such a transformation,
in which this role will be assumed by a certain straight line
passing through the origin. The set of all such transformations
together with all spatial rotations should form a group; but for
this to take place it is necessary that [ = 1; hence one is led
to assume [ = 1, which is precisely the consequence obtained
by Lorentz in another way.
* It must be underlined that, by having established the group
nature of the set of all purely spatial transformations together
with the Lorentz transformations, that leave the equations of
electrodynamaics invariant, Poincare thus discovered the exis-
tence in physics of an essentially new type of symmetry re-
lated to the group of linear space-time transformations, which
he called the Lorentz group.

Supplemented with transformations of space coordinate and
time translations, the Lorentz group forms a maximum group
of space-time transformations, under which all equations of
motion for particles and fields remain invariant and which now
15 called the Poincare group, the name given to it subsequently
by E.Wigner. Richard Feynman wrote about this fact as fol-
lows: “Precisely Poincare proposed to find out what one can
do with equations without altering their form. He was the per-
son who had the idea to examine the symmetry properties of
physical laws”.

Let p be the charge density of the electron, and v,, v,, and
v, the components of the electron velocity before the trans-
formation; then, after applying the transformation one has for
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these same quantities o', v,/, v/, and v,’ the following:

pr="p(1 = PBus),  pus = plvs = B), 2)
P, =1"3pv,, P =173pv,.
These formulas differ somewhat from the ones found by
Lorentz.
Now, let f and f’ be the three-force components before and
after application of the transformation (the force is referred to

unit volume); then
fo=A"(f = BIO) f, =10 fys fL =10 o (3)

These formulas also differ somewhat from the ones pro-
posed by Lorentz; the additional term in f - U reminds the
result earlier obtained by Lienard.

If we now denote by F and F” the force components referred
to the electron mass unit, instead of unit volume, we obtain

F = 71_55(& — BF %), F, = 51-5@; Fl = §Z‘5Fx. (4)
* Formulae (2), (3), and (4) comprise the relativistic trans-
formation laws, first established by Poincare, for the charge
density and velocity of motion of an electron, referred both to
unit charge and unit volume.

Thus, Poincare, as compared with Lorentz, made the deci-
sive step in this work and laid down the foundations of rela-
tivity theory.

It 1s notable that, while developing totally new ideas in ar-
ticles on the dynamics of the electron and correcting and com-
plementing Lorentz, Poincare is careful to paid maximum trib-
ute to Lorentz as the discoverer and leaves it to others to judge
about his own personal contribution to the creation of relativity
theory.
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The testimony of Lorentz himself is extremely important in
this respect, since it permits filling in the gap, sometimes left
by certain authors writing about the history of the creation of
relativity theory, and to do justice to Poincare as the creator
of relativistic mechanics and special relativity.

Thus, in discussing the relativistic transformation formu-
lae for the velocities, charge densities, and current of the elec-
tron, Lorentz wrote?  “Formulae (4) and (7) are absent in
my article published in 1904, since I didn’t even think of a
direct path leading to them, because I thought an essential dif-
ference existed between the systems x,y, z,t and x',y', 2, t'. In
one of them — such was my reasoning — coordinate axes were
used that had a fixed position in ether and what could be called
true time; in the other system, on the contrary, one dealt with
simply auxiliary quantities introduced only with the aid of a
mathematical trick. Thus, for instance, the variable t' could
not be considered to be time in the same sense as the variable t.

Given such reasoning, I had no intention of describing phe-
nomena in the system x',y', 2’ t' in precisely the same manner
as in the system x,y,z,t...”7 And further, in the same work:
“... T was unable to achieve total invariance of the equations;
my formulae remained cumbersome owing to additional terms,
that should have disappeared. These terms were too small to
exert noticeable influence on the phenomena, and this sup-
plied me with an explanation for their being independent of
the Earth’s motion revealed by obs and universal truth.

46Lorentz H.A. Two articles by Henri Poincare on mathematical
physics // The relativity principle: Collection of works on special rel-
ativity theory. — Moscow, 1973. — P.189-196.
Formulae (4) and (7) dealt with by Lorentz are the transformation for-
mulae for the electron velocities and charge densities, respectively.
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Contrariwise, Poincare achieved total invariance of the equa-
tions of electrodynamics and formulated the jjrelativity pos-
tulates s — a term introduced by him. Indeed, adopting the
point of view, that I had failed to take into account, he derived
formulae (4) and (7). We should add, that in correcting the
defects of my work he never reproached me for them”.

Lorentz also arrived at the necessity of assuming a moving
electron to have the shape of a compressed ellipsoid; the same
hypothesis was made by Langevin, but while Lorentz assumed
the two axes of the ellipsoid to be constant, in agreement with
his hypothesis that [ = 1, Langevin assumed, contrariwise, the
volume of the ellipsoid to be constant. Both authors showed
the two hypotheses to be in the same good agreement with
the experiments performed by Kaufmann, as the initial hy-
pothesis of Abraham (the spherical electron). The advantage
of Langevin’s hypothesis consists in its being sufficient, i.e. it
suffices to consider the electron to be deformable and incom-
pressible for explaining why it assumes an ellipsoidal shape in
motion. But I can show, without contradicting Lorentz, that
this hypothesis cannot be consistent with the impossibility of
revealing absolute motion. As I have already said, this occurs
because | = 1 is the only hypothesis for which the Lorentz
transformations form a group.

But in the Lorentz hypothesis, also, the agreement between
the formulas does not occur just by itself; it is obtained to-
gether with a possible explanation of the compression of the
electron under the assumption that the deformed and com-
pressed electron is subject to constant external pres-
sure, the work done by which is proportional to the

variation of volume of this electron.
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Applying the principle of least action, I can demonstrate
the compensation under these conditions to be complete, if
inertia is assumed to be of a totally electromagnetic origin, as
generally acknowledged after Kaufmann’s experiments, and if
all forces are of an electromagnetic origin, with the exception
of the constant pressure of which I just spoke and which acts on
the electron. Thus, it is possible to explain the impossibility of
revealing the absolute motion of the Earth and the contraction
of all bodies in the direction of the Earth’s motion.

But this is not all. In the quoted work Lorentz considers
it necessary to complement his hypothesis with the assump-
tion that in the case of uniform motion all forces, of whatever
origin, behave exactly like electromagnetic forces, and that,
consequently, the influence of the Lorentz transformation on
the force components is determined by equations (4).

*  Here, Poincare in development of the assumption expressed
by Lorentz extends the Lorentz transformations to all forces,
including, for instance, gravitational forces.

He was the first to point out that the relativity postulate
requires such a modification of the laws of gravity, according to
which the propagation of forces of gravity is not instantaneous,
but proceeds with the speed of light.

It has turned out necessary to consider more carefully this
hypothesis and, in particular, to clarify which changes it com-
pels us to introduce into the laws of gravity. This is just what
I attempted to determine: I was first induced to assume the
propagation of gravity forces to proceed with the speed of light,
and not instantaneously. This seems to contradict the result
obtained by Laplace who claims that although this propaga-
tion may not be instantaneous, it is at least more rapid than

250



the propagation of light. However, the issue actually raised
by Laplace differs significantly from the issue dealt with here
by us. According to Laplace, a finite propagation velocity was
the sole alteration, introduced by him to Newton’s law. Here,
also, a similar change is accompanied by many others; hence,
partial compensation between them is possible, and it actually
does take place.

Consequently, if we speak about the position or velocity of
a body exerting attraction, we shall bear in mind its position
or velocity at the moment, when the gravitational wave
departs from this body; if we speak about the position or
velocity of a body being attracted, we shall intend its position
or velocity at the moment, when this body being attracted is
overcome by the gravitational wave emitted by another body:
the first moment clearly precedes the second.

Hence, if x,y, z are the projections onto three axes of the
vector 7 connecting the two positions and if 7 = (v,, vy, v,)
are the velocity components of the body attracted and v; =
(V14, U1y, V1) are the velocity components of the attracting
body, then the 1z three components of the attraction (which
I may also call ﬁ) will be functions of 7, ¥, v7. The question
is whether these functions can be defined in such a way that
they behave under the Lorentz transformation in accordance
with equations (4) and that the conventional law of gravity be
valid in all cases of the velocities ¢, v7 being sufficiently small
to allow neglecting their square values as compared with the
square speed of light?

The answer to this question must be affirmative. It has
been revealed that the attraction, taking into account the cor-
rection, consists of two forces, one of which is parallel to the
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components of the vector 7, and the other to the components
of the velocity v7.

The disagreement with the conventional law of gravity, as

I just pointed out, is of the order of v?; if, on the other hand,
one assumes, as Laplace did, the propagation velocity to be
equal to the speed of light, this divergence will be of the order
of v, i.e. 10000 times greater. Consequently, at first sight, it
does not seem absurd to assume astronomical observations to
be insufficiently precise for revealing the smallest imaginable
divergence. Only a profound investigation can resolve this
issue.
*  Poincare thus introduces the physical concept of gravita-
tional waves, the exchange of which generates gravitational
forces, and supplies an estimation of the contribution of rela-
tivistic corrections to Newton’s law of gravity.

For example, he shows that the terms of first order in v/c
cancel out exactly and so the relativistic corrections to New-
ton’s law are quantities of the order of (v/c)*.

These results remove the difficulty noted previously by Laplace
and permit making the conclusion that the hypothesis equating
the speeds of light and of gravitational influence is not in con-
tradiction with observational data.

Thus, in this first work Poincare already gave a general
and precise formulation of the main points of relativity theory.
It is here that such concepts as the following first appeared:
the Lorentz group, invariance of the equations of the electro-
magnetic field with respect to the Lorentz transformations, the
transformation laws for charge and current, the addition for-

mulae of velocities, the transformation laws of force. Here,



also, Poincare extends the transformation laws to all the forces
of Nature, whatever their origin might be.
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