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Abstract. It is shown that according to the relativistic theory of
gravity, the gravitational field slows down the rate of time flow
but stops doing so when the field is strong, thus displaying its
tendency toward self-limitation of the gravitational potential.
This property of the gravitational field prevents massive bodies
from collapsing and allows a homogeneous isotropic universe to
evolve cyclically.

1. Introduction

The relativistic theory of gravity (RTG) is described in detail
elsewhere in Physics— Uspekhi [1]. Here, we briefly consider
some of its basic elements.

RTG is based on special relativity, which ensures the
energy —momentum and angular momentum conservation
for all physical processes, including gravitational ones. RTG
assumes that gravity is universal and its source is a conserved
energy —momentum tensor of all matter fields, including the
gravitational one. This is why the gravitational field is
described by a tensor field ¢*'. Such an approach is
consistent with the idea by Einstein, who wrote as early as
1913 [2] that *“...tensor ¥, of the gravitational field acts as a
field generator in the same way as the tensor @,, of the
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material processes. An exceptional position of gravitational
energy in comparison with all other kinds of energies would
lead to untenable consequences.” This idea was fundamental
in developing the relativistic theory of gravity. In general
relativity (GR), a gravitational field pseudotensor emerged
instead of the energy — momentum tensor.

The approach to gravity accepted in RTG leads to
geometrization: an effective Riemannian space appears but
only endowed with simple topology. As a result, the motion of a
test body in the Minkowski space under the action of a
gravitational field turns out to be equivalent to the motion
of this body in the effective Riemannian space created by the
gravitational field. Gravitational forces are physical and
cannot vanish due to the choice of a coordinate frame. It is
this property of the theory that allows separating gravita-
tional forces from inertial ones.

In the present paper, we do not consider the process of
emission of gravitational waves. We have not studied this
process. But in connection to the problem of ghost states with
negative energy, we note that, indeed, the inclusion of a
nonzero graviton mass in the linear theory of the gravita-
tional field leads to the wave flux being not positive definite
due to spin 0. However, for the nonzero rest mass of a
graviton, the scalar curvature R in the linear approximation
is given by

2
m
R==9

This means that the wave moves in the effective Riemannian
space and therefore the flux density has the form

2
i m i
R’ =7¢¢0~

This value can be positive or negative depending on the
overall sign.
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It was not clear for us how to take this flux into account,
but later we specially examined this problem in paper [3]. The
peculiarity of the geometrized theory of gravity is that the
gravitational field energy—momentum tensor density,
defined in this theory according to Hilbert as the variation
of the gravitational field Lagrangian density with respect to
the metric tensor g, is exactly zero, in contrast to other
theories, because outside the source this variation is given by
the equation for the gravitational field.

In the field approach to gravity, an effective Riemannian
space appears, but only with simple topology. That is why the
field concept cannot lead to GR, where the topology is not
simple in general.

The above notions allow writing the following complete
system of equations [1, 4, 5]:

w 1 w m ’ w o vf 1 w of
R —EgRJrTg T8 =588 iy

= 8nGT" (1)
D" =0. (2)

Here, T* is the energy —momentum tensor of matter,' D, is
the covariant derivative in the Minkowski space, 7,5 is the
metric tensor of the Minkowski space, g, is the metric tensor
of the effective Riemannian space, m = mgc/h, mg is the
graviton mass, " = ,/—gg"* is the density of the metric
tensor g'¥, and g = det g,.

Due to nonzero graviton rest mass in Eqns (1), Eqns (2)
follow from gravitational field equations (1) and matter
equations.

The effective metric g* of the Riemannian space is related
to the gravitational field ¢*" as

gh =5 4 q~5“" )
where
=TI, = VTN, = dety,.

The system of equations (1), (2) is generally covariant with
respect to arbitrary coordinate transformations and form-
invariant with respect to Lorentz transformations. It directly
follows from the least action principle with the Lagrangian
density

L= Lg(’yuvvg‘uv) + LM(gﬂvv d)A) 3
where
1 SW (A o A o
Lg T (G G/la - G;wGM)_

161 ’”'
2

m 1
A (T Y =R s
l6n (2 Y& vV—8—V /) )

1 g
G;fv = 5 g/1 (D/lg(ﬂ' + Dvgoy - Do‘g;w) y

and ¢, are matter fields.
For time-like and isotropic intervals in the effective
Riemannian space not to extend outside the original

! Matter is assumed to include all material fields except the gravitational
field.

Minkowski space cone, it suffices that the conditions

Pt =0, guvfv' <0 (3)
be satisfied, where v" is the four-velocity vector.

Thus, the motion of test bodies under the action of a
gravitational field always occurs inside both the Riemannian
cone and the Minkowski-space cone, which ensures the
geodesic completeness. R

In the inertial coordinate frame, the tensor field ¢*' is
decomposed into irreducible representations corresponding
tospins 2, 1,0, and 0'. Equation (2) eliminates spins 1 and 0’,
and hence only spins 2 and 0 survive. In RTG, the graviton
rest mass is introduced when spins 2 and 0 are present.
Introducing a nonzero rest mass only for spin 2 would
contradict observational effects in the Solar system (light
ray deflection by the Sun, the Mercury perihelion advance,
etc.), as shown in papers [6].

The nonzero rest mass of a graviton necessarily emerges in
the theory because only when it is introduced can the
gravitational field be treated as a physical field in the
Minkowski space, with its source being the total conserved
energy — momentum tensor of all matter. But it is the nonzero
mass of a graviton that fundamentally changes both the
collapse process and the evolution of the Universe.

When Einstein in 1913 connected the gravitational field
with the metric tensor of a Riemannian space, it turned out
that such a field causes time dilation in physical processes. In
particular, it can be illustrated in the Schwarzschild metric,
for example, by comparing the flow of time in the vicinity of a
gravitating body with that at infinity. But GR involves only
the metric tensor of the Riemannian space in general, and
therefore no signatures of the inertial time of the Minkowski
space can be found in the Hilbert — Einstein equations.

The appearance of the effective Riemannian space in the
field theory of gravity with the Minkowski space kept as the
underlying space allows comparing the flow of time in the
gravitational field with that in the inertial frame of the
Minkowski space in the absence of gravity.

To show how the change of the flow of time leads to the
appearance of a force, we consider the Newton equation

By formally passing from the inertial time ¢ to a time t using
the rule

dt = U(z) dt,
we easily obtain

d>x 1 dx d

This shows that the time dilation determined by the function
U leads to the appearance of an effective force. However, the
argument is here purely formal, because there is no physical
reason for changing the time flow rate in this case. But this
formal example suggests that any time dilation process in
nature necessarily produces effective field forces that must be
taken into account in the theory. The physical gravitational
field changes both the flow of time and spatial parameters
compared to their values in the inertial Minkowski frame in
the absence of gravity.
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The field approach allows more deeply understanding
the nature of the gravitational field and leads to the
conclusion that the gravitational field can both slow down
the flow of inertial time and stop time dilation. This
underlies both the ability of the field to limit its own value
(self-limitation) and the impossibility of stopping the flow of
time by the gravitational field. Therefore, according to RTG,
the slowing down of the flow of inertial time and the stopping
of time dilation represent ome common property of the
gravitational field. Only the first part of this property has
been manifest in GR.

This confirms the statement by A S Eddington: “The star
has to go on radiating and radiating and contracting and
contracting until, I suppose, it gets down to a few km. radius,
when gravity becomes strong enough to hold in the radiation,
and the star can at last find peace.... I felt driven to the
conclusion that this was almost a reductio ad absurdum of the
relativistic degeneracy formula. Various accidents may
intervene to save the star, but I want more protection than
that. I think there should be a law of Nature to prevent a star
from behaving in this absurd way!”?

It turns out that in the field concepts of gravity, all the
above features are contained in the physical property of the
gravitational field to stop the process of time dilation and
hence to restrict its potential, which stops the process of
collapse.

In what follows, using the gravitational collapse and
evolution of a homogeneous isotropic Universe as examples,
we consider how the self-limitation of the gravitational field
potential emerges. This self-limitation stops both the slowing
down of the flow of time and the process of the collapse of
matter.

2. Equations for a spherically symmetric
static gravitational field

In the inertial frame (Minkowski space), the interval in
spherical coordinates is given by

do? = (dx°)? = (dr)? = r(d0> + sin® 0dgp?) )

where x° = ¢t. In the effective Riemannian space, the interval
for a spherically symmetric static field is written as

ds?= U(r)(dx)? = V(r)dr?— W2(r)(d0>+ sin> 0 dg?) .

(5)
RTG equations (1) and (2) can be expressed as
I3 1 u m? u o 1 o of iz
RV _55‘R+7 5\’ +g ym7—§5vg sz/i :%Tv ) (6)
D‘ug_/.tv — 0 . (7)
In the expanded form, Eqn (7) is
08" +71,8"7 =0, (®)

where y; are the Christoffel symbols for the Minkowski
space.

2 The Observatory 58 (729) 38 (1935).

For a spherically symmetric static source, the components
of T* are
p(r)

(G o)

T(? =p(r), S

where p is the mass density and p is the isotropic pressure.
To determine metric coefficients U, V, and W, we can use
Eqns (6) with the indices u =0,v=0u=1,v=1:

11wyt 2 & Ldwd (1
w2 Vw?z\dr VW dr2 W dr dr \V

1, 1/1 1 r?
1 1 /dw\* 1 dwdu
w2 VW2\ dr Uvw dr dr
1, 1/1 1 r? . p
Equation (8) becomes
d \/T]WQ 2rVUV (12)
- — =2r .
dr V
Taking the identity
dr 1 d (WA
dw w2 dr\ Vv \ dr
2 d*w

_ L (awN 2 & 1dwd (1
T yw?r\ dr VW dr2 W dr dr \V

into account and passing from derivatives with respect to r to
derivatives with respect to W, we rewrite Eqns (10)—(12) as

i ()

1 2711
+§m2{W2—r2+WT<———>} =xW?p,

d u. , dr

In the Solar system, the effect of a nonzero graviton rest
mass m, can be neglected with a high precision, and the
system of equations (13)—(15) outside the source in the
inertial frame takes the form

1,&(#) —0
dw \v(dr/dw)* ’
w d
l-——— — (InUW) =0,
V(dr/dw)? dW( )

d u_, dr
W(\/;W>—2r\/UVW
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The first two equations are identical to GR equations, but are
written in harmonic coordinates. The last equation follows
from Eqn (2), which in the inertial frame exactly coincides
with the harmonic coordinate condition. Such a system of GR
equations was considered by V A Fock. It is easy to see that
for a source with mass M, this system of equations has the
solution

ds? _r—rg/2 c2dr? /2 dr?
r+rg/2 r—rg/2

2
- <r+%‘%) (d0? + sin? 0d¢?)

where ry = 2GM /¢* is the Schwarzschild radius.

For the light ray deflection by the Sun and for the
Mercury perihelion advance, we then obtain exactly the
same expressions as in GR in harmonic coordinates.

In what follows, we investigate the system of equations
(13)—(15) for different state equations of matter. Using these
equations, we show in Sections 3—5 that the gravitational
field has the property of self-limitation that sets a limit for the
time dilation by gravitational field.

3. External solution
for a spherically symmetric static body

We show that a nonzero graviton rest mass quantitatively
changes the character of the solution in the region close to the
Schwarzschild sphere.

Subtracting Eqn (14) from Eqn (13) and introducing the
new variable

Uw? dr W— W,
Z=— = f=— 0 16

viz o T ar W, (16)

we obtain
dz 2z dUu 22 m2w3 . U
dw U dw "W 2w v
%
b4

Adding Eqns (13) and (14), we find

1 W21 dz m? 1 p
11— = (W) =—uW?p-=). (1
s woaw 2 )= e —z) (19)

We consider Eqns (17) and (18) outside matter in the region
determined by the inequalities

U 1

7 <1 imZ(WZ—rZ)@. (19)
In this region, Eqn (18) is rewritten as
1 W dz 1 W,dz
A R i (20)

T2 wdw o 2 W ode

Taking Eqn (20) into account, we transform Eqn (17) into the
form

2 2 3
ZdZ l(dZ> +lsz dZ

— (5= o= 21
aw? 2\dw) "4 wzaw @)

We introduce the variable ¢ in accordance with (16). Then
Eqn (21) becomes

ZZf%Z2+oc(1+t)3Z.:0, (22)

where o = m?W¢ /4 and Z = dZ/dt. For values of ¢ from the
interval

1
Eqn (22) is simplified:
zzf%ZMaZ:o. (24)
It has the solution
NZN\ 7P
N7 =2 (1427 +0, (25)
20 2
where / is an arbitrary constant.
Based on (20) and (16), we have
W o 1 z
Using (25), we find
7Z=2u+Z. (27)
Substituting (27) in (26), we obtain
W A o o+ iVZ/2
U_W<oc+2\/?>, Vit=WoW —— . (28)
For o = 0, it follows from (25) that
VZ = % ‘. (29)
Substituting this formula in (28), we obtain
N W= W,
U=|(z)|] ———. 30
() %5 (30)

But this expression must exactly coincide with the Schwarz-
schild solution

W— W, 2GM
Comparing (30) and (31), we obtain?
A=2, Wy=W,. (32)
We thus find
W, zZ
U=SEE+VZ), VizngWOH_Z\/_. (33)

Next, we must determine the dependence of r on W with the
help of (195).

3 Strictly speaking, the constant A depends on the parameter o. But due to
the smallness of « this dependence is insignificant.
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After substituting (33) in Eqn (15) and changing the
variables as

we obtain
d dz dl
—((1+0)——x) =4l 35
W7 <( T d\/7> (33)

Taking (27) into account and differentiating with respect to
VZin (35), we have

(1+z+\/§)i—21:0.

(1+0)(x+VZ) N/
(36)

(\/_)2

Because we are interested in values of ¢ from interval (23),
Eqn (36) is simplified in this region to

(@+VZ) ——=5+(1 +\/_)——21:0 (37)
(d \/Z) vz
The general solution of Eqn (37) can be written as
= Al + Bh, (38)
where
I3 :F(—2, 1 —aq, —(oc—l—x/?)),

b=+ VZ)F(-2+oa, 1 +a —(a+VZ)),

A and B are arbitrary constants, and F is the degenerate
hypergeometric function.

The analysis of solution (38) in the region defined by
inequalities (19) and (23) yields the equality

= Wy. (39)

We consider the limit case where

\/Z > . (40)
With (32), it then follows from Eqn (25) that

VZ=1. (41)

Substituting this expression in (28) and using (32) and (39), we
obtain the Schwarzschild solution
W — W, w

U=——%
W )

(42)
This implies that because the effect of the graviton rest
mass can be neglected in the Solar system, using the equation
for geodesic motion of a test body allows easily explaining all
observational effects in the Solar system (the light ray
deflection by the Sun, the Mercury perihelion advance, etc.).
We now consider another limit case, where the nonzero
graviton rest mass is significant. We now let the inequality

VZ <u (43)

hold. In this approximation, with (32) taken into account, it
follows from Eqn (25) that

Z =2at. (44)
Substituting this expression in (28) and using (32) and (39), we
obtain [7]

(45)

From Eqns (43) and (45), this solution is valid in the region

(< e, Wy < L (e WeY
L = .C. — < — .
20 Mo ey "\ 2

It follows from (45) that the graviton mass m, does not allow
the vanishing of U. For any body a nonzero graviton mass sets a
limit on time dilation, which is determined by a linear function
of the Schwarzschild radius, i.e., of the mass of the body, and
is equal to

Lmgc
2 n 0 F

There is no such limit in GR. This feature of the gravitational
field drastically changes the motion of any body in the
gravitational field.

The motion of a test body occurs along a geodesic in the
Riemannian space

do# dx* dx?
e
ds Tl ds ds ’

(46)

where v# =dx*#/ds is the four-velocity; it satisfies the
condition

guvtv' =1. (47)
We first consider the radial motion
dr
0 — ¢ = r=—. 48

vW=v"=0, w i (48)

If we recall the Christoffel symbol
1 dU
0 _ -

rh=5=3 (49)
from Eqn (46), we find

dv® 1dU W0

— "=0. 50

& U (50)
Solving Eqn (50), we obtain

d

“ln('U)y=0. 1

3 0 (v°U)=0 (51)
From here, we find

d.X U()
52
vy = dS U ) ( )

where Uy is the integration constant. Setting the velocity of a
test body equal to zero at infinity, we obtain Uy = 1. From
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formula (47) we derive

dr 1-U
&= Vo 53)

If we substitute (45) in this equation and take (39) into
account, we obtain

aw ho2 w W,
2 (1 W). (54)

& Tmew, 2

This shows that a turning point appears. Differentiating (54)
with respect to s, we find

Ew 2
ds2  \mge Wg'

It follows that the acceleration is positive at the turning point,
i.e., repulsion with an appreciable magnitude occurs. Inte-
grating (54), we obtain the expression

h\? (s — 50)°
=Wy —)
/4 .+ (mgc> 7

(55)

which shows that the test body cannot cross the Schwarzschild
sphere.

In accordance with (45), the scalar quantity g/y, where
g = detgy, and y = dety,,, develops a singularity at the point
W = W,, which cannot be eliminated by the choice of the
coordinate frame. That is why the presence of such a
singularity in the vacuum is unacceptable, because otherwise
the outer solution cannot be matched with the solution inside
the body. It follows that the radius of the body is greater than
the Schwarzschild radius. Thus, a self-limitation of the field
value emerges in RTG and the reason for the ‘Schwarzschild
singularity’ disappears. This is fully consistent with Einstein’s
opinion, which he expressed as early as 1939 in paper [8]: “The
essential result of this investigation is a clear understanding of
why the ‘Schwarzschild singularities’ do not exist in physical
reality” (highlighted by the authors). And further: “The
’Schwarzschild singularity’ does not appear for the reason
that matter cannot be concentrated arbitrarily. And this is
because otherwise the constituting particles would reach the
velocity of light” (highlighted by the authors).

As an example, we consider the gravitational field in the
contracting (synchronous) reference frame. The transition to
that frame from the inertial frame is achieved by the
transformations

1=V 4r—do).

1
dt =S [de—dR(I-U)], dW =\

In the synchronous frame, the intervals of the Riemannian
and pseudo-Euclidean space—time have the form

ds? =dt? — [I = U(X)] dR? — W?(X)(d0* +sin* 0d¢?),
1 —72U? i2U? — (1 - U)
2 2
dO' :d’f T+2deTT

PUT-(1-0)7

2
—dR o

(d0? +sin* 0d¢?),

where X = R — tand 7 = dr/dX.

The RTG equations

1 m?
R, =8nG( T, — 3 20T ) + 5 (8w — V) s

D" =0

(56a)

for the problem determined by intervals ds? and do? lead
outside the matter to the equations

2W 1 .oomi(1-U
Ry= o~ W =-—o —? 56b
= tazow? 2<U2 r>’( )
R+R—1 1U+ o2 +lUW
R A R TS N T

mil1-U
__m =Y 56

In the range of the variable X, where the graviton mass can be
neglected due to its smallness, it follows from these equations
that

" 3 2/3 ) 2/3 L
w=w(Sx) . 1-U=(3We) XL (56d)

Equation (56d) for the function U implies that its value
decreases as X decreases and its derivative U is positive. This
decrease of U continues at smaller values of X, because the
value of U remains positive.

In approximation (19), it follows from Eqn (56a) outside
the matter that

uw . U
Ry =— W_I—U

i me-u
1-U

sUW+1=0.
2(1-U)

For small values 0 < U < 1, this equation somewhat simpli-
fies and takes the form

UWW +UW? + WUW —-1=0.

This equation has the solution

. X
W=——.
uw
At the stopping point
W=0

in accordance with Eqns (56b) and (56c¢), the second
derivative W is positive for small U, which indicates the
presence of a repulsion force. It is from this point that the
process of expansion starts; it stops in the region X where
inequalities (56d) hold. In that region, W is negative:

. 1 3\
W=—-wzx
()

and therefore the case of attraction occurs. Therefore, if the
stopping point were outside the matter, the expansion would
be followed by contraction, followed by stopping and
subsequent contraction, etc. But the real gravitational field
excludes this regime of motion. In GR, the formula

3 2/3
W= |:§(R—C’L'):| ng/3
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pertains to this problem, but in our case we obtain the
expression

5 \2 (R — cr)?
W = Wg_|_2<_1> %7
MgC Wg

which excludes motion toward the point W = 0. This implies
that a repulsion force emerges:

&Ew 4t (n 0\’
de2 w3 \mgc) ~

Because the gravitational field is created by matter and
self-limits its potential, the above example implies that
obtaining the physical solution requires matching the solu-
tion inside matter with the outside solution, but for this the

absolute value of the potential at the body surface must be
limited by the inequality

9|
C—2<1.

It is this solution, which corresponds to the real gravita-
tional field, that leads to the stopping point not being allowed
in the vacuum. Therefore, world lines of particles at rest
relative to the contracting frame collide with matter of the
field source. These collisions occur within a finite time for any
observer. This excludes the regime of motion mentioned
above. At the same time, this also prohibits the formation of
‘black holes.’

We now turn to the analysis of the inner solution.

4. Inner Schwarzschild-like solution

In paper [9], Schwarzschild found a spherically symmetric
stationary inner solution of the GR equations. For a
homogeneous solid ball of radius a, it is described by the
interval

3 1 :
ds2:c2<§ V1 —qaz—z V1 —qWZ) dr?

— (1 —gW?) "dw? + w2(do* +sin* 0dg?), (57
where
_1N _2GM _% 3™
1=3%P =25 *=72 0 PTapge

The common property of the inner and outer solutions in
GR is manifested in vanishing metric coefficients at the
differential d¢2 for a certain value of W, which means that
the gravitational field is able not only to slow down the flow
of time but also to stop it. In the outer solution, the metric
coefficient U vanishes when W = W,. To eliminate such a
possibility, which is not forbidden by the theory, one usually
has to assume that the radius of a body satisfies the inequality

a>W,. (58)
For the inner solution, this occurs when
a3
W?=9a> -8 — . (59)

We

To exclude the possibility of the vanishing of the metric
coefficient U inside the body, it is necessary to assume that

9
a>< Ws.

g (60)

We emphasize that inequalities (58) and (60) are not con-
sequences of GR.

The inner Schwarzschild solution bears a somewhat
formal character, but it is interesting mainly because it
represents an exact solution of the GR equations. In
Section 3, using the outer Schwarzschild solution as an
example, we showed that in the relativistic theory of gravity
as a field theory, inequality (58) emerges exactly due to time
dilation. Below, we consider the inner Schwarzschild-like
solution in the framework of RTG.

The inner Schwarzschild solution appeared based on the
Hilbert — Einstein equations

(61)

Because the metric coefficients coincide in accordance with
(57), it follows that

2
U:(gx/l—qaz—%\/l—qu), V=(1-—qw*™".
(62)
We then find
U’ 3 1 !
U/:d_U (63)
dw

Substituting (62) and (63) in Eqn (61), we obtain the
expression for pressure:

p_pNV1—gW?—/1—qa’
272 JU '

This shows, in particular, that if equality (59) had been
allowed, the pressure inside the body at the circle determined
by this equality would have become infinite. The singularity
that emerges due to the metric coefficient U vanishing cannot
be eliminated by choosing a reference frame because the
scalar curvature R also has this singularity:

_ 2 _ _ 2
R = —81G 3\/1 qa 2\/1 qW .
VU

We now show in the example of the inner Schwarzschild-
like solution that the situation is radically different in RTG
because the time dilation process stops. The same mechanism
of the field self-limitation that in RTG led to inequality (58)
for the outer Schwarzschild solution leads to an inequality of
type (60) for the inner Schwarzschild solution.

We obtain equations for this problem from Eqns (13) and
(14). Introducing the new variable

(64)

(65)

uw?

dr
,-/ J—
v

—dw
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and adding Eqns (13) and (14) yields

1 S Mmoo oy 1 2 4

Subtracting Eqn (14) from Eqn (13) yields

U w2 V

U’ 4 2 U
7' - 22—72—7m—W3<1——>:fo3<p+p)U.

(67)

In our problem, the components of the matter energy —
momentum tensor are

p(7)

0=p, 1=i=1i=-2"

The matter equation
: N .
Vo(v/—g T/‘L) =0,(v—¢ T;) +§ V=E8Ts0,8” =0

for this problem reduces to the equation
1 dp p\ 1 dU
- (f’ " 7) 20 dW

c2dw
Because the pressure increases toward the center of the ball,
the inequality
dU
dw

(68)

>0 (69)

holds, implying that the function U decreases in approaching
the center of the ball, and therefore time is slowing down with
respect to the inertial time. Because the density p is assumed
to be constant in the inner Schwarzschild problem, Eqn (68) is
easy to solve:

P

o
p+= i Wik (70)
Comparing (64) and (70), we find the constant a:
a=py1—qa?. (71)
Equations (66) and (67), under the assumption that
mi(w?*—r?) <1, v <1,
vV
and after introducing the independent variable y = W2, take
the form
, ox
z :U(1—3qy)+7y\/5, (72)
1
VUZ' — = Z2JU - 4z(VT) + % 5 yU——y\/“ 0.
Y

(73)

Here and below, we use the notation Z’' = dZ/dy.

In the analysis of the outer spherically symmetric
Schwarzschild solution in Section 3, we have seen that due
to the effective gravitational repulsion force, the metric
coefficient U, which determines the time dilation with respect
to the inertial time, does not vanish even in a strong
gravitational field.

That is why we study the behavior of the solution of these
equations for small y in what follows. From formula (62), for

the zero graviton rest mass, we find

(3\/1 —qa®—1)+

4
+1g 47V (74)

l\) \

for small y. This expression also shows that the function vU
can vanish for the inner Schwarzschild solution if

3V1—qga?=1, (75)
which leads to an infinite value of both the pressure p and the
scalar curvature R at the center. Because Eqns (72) and (73)
stop time dilation if the graviton rest mass is nonzero, it is
natural to expect that equality (75) cannot hold in the physical
(real) region for the function /U. Based on (74), we seek the
solution of Eqns (72) and (73) for the function v/U in the form

1
VU= ﬁ+qy+—q 2y,

T (76)

where f is an unknown constant to be determined using
Eqns (72) and (73).
Substituting expression (76) in Eqn (72) and integrating,

we find
Bq axf
. ( _3p% )

v (e 1\ 38 oaxq
() -2o)

Z=py+i
(77)

Taking formulas (76) and (77) into account in Eqn (73) and
ignoring small terms of the order of (my)?, we obtain the
equation

2

2ﬁ2q+ﬁ(qfom)+m7=0. (78)

for the unknown constant ff. We remark that the term
containing y? is given by

?8 { [2ﬁ q+ Blg —ox)] +3mz}.

With Eqn (78), it can be rewritten as

q
Zmy

By definition, we have

p(3\/l—qa2—l),

ox q*%
‘cd=3

and therefore Eqn (78) yields

3y/1—qa? — 1+ [(3y/1 —gqa® — 1)? - 8mz/%p]l/2
2 )

p=

(79)

Hence, the metric coefficient U that determines the time
dilation with respect to the inertial time is nonzero.

If the graviton rest mass is set to zero, expression (79), as
expected, exactly coincides with the constant term in expres-
sion (74). From formula (79), we can find the minimum value
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of f:

m2\ /2
ﬁmin: % .

The value of f in the function VU sets the bound for the
process of time dilation by a gravitational field. This means
that a further slowing down of the flow of time by the
gravitational field is impossible. This is why the scalar
curvature determined by expression (65) is finite everywhere,
in contrast to GR. Thus, the gravitational field itself stops
time dilation because of a nonzero graviton rest mass.
According to (79), equality (75), due to the smallness of
the graviton rest mass, cannot hold because of the inequality

2N\ 1/2
3\/1—qa2—1>2\/§<ﬂ) .
“p

(80)

(81)

With the equality

which holds by definition, we use inequality (81) with
xp > m? to find

9 m2\'/?
= - Wl — .
=g+ (5) ]

This is the limitation on the radius of the body that occurs in
inspecting the inner solution. This constraint is more stringent
than the bound (58) obtained in Section 3 in analyzing the
outer solution. Inequality (82), as we see, directly follows
from the theory, while in order to avoid infinite pressure
inside a body in GR, inequality (60) must be additionally
imposed. Using (70) and (71), we find the pressure as

p _—pVU+py/1—qa?
c? VU '

Taking formula (80) into account gives the maximum
pressure at the center of a ball:

12
P 2xp
=~ p{—(l - qaz)] .

(82)

The pressure at the center is finite, while in GR it is infinite
according to (57).

The self-limitation of the gravitational field that appears
in the relativistic theory of gravity makes it principally
different from Einstein’s GR and Newton’s theory of
gravity, which involve only attraction forces. In the field
theory of gravity, the nonzero graviton mass and the
property of stopping the time dilation result in the possibility
that the gravitational force not only can be an attraction force
but also, under certain conditions (in strong fields), can
manifest itself as an effective braking force. It is this force
that stops the time dilation by the gravitational field. Thus the
gravitational field cannot stop the flow of time in a physical
process in principle because it is endowed with the funda-
mental property of self-limitation.

In Sections 3 and 4, we have seen that the metric
coefficient U that determines the time dilation by the
gravitational field can vanish in GR. This feature was
noticed by R Feynman, who wrote [10]: “...if our formula

for time dilation were correct, physical processes should stop
at the center of the universe, since the time would not run at
all. This is not the only physically unacceptable prediction;
since we might expect that matter near the edge of the universe
should be interacting faster, light from distant galaxies should
be violet-shifted. Instead, it is well known to be shifted toward
lower, redder frequencies. Thus, our formula for the time
dilation obviously needs to be discussed further in connection
with possible models of the universe. The following discussion
is purely qualitative and is meant only to stimulate wiser
thoughts on this subject.”

The self-restriction of the potential, as we have seen, is an
important property of the gravitational field. It is this
property that sets a limit to time dilation. Such a limit must
necessarily exist, otherwise physically unacceptable conse-
quences follow. Therefore, any metric field theory of the
gravitational field must accept this general statement as a
physical principle.

5. Is the Minkowski space observable?

We now consider the question: is the Minkowski space
observable in principle? For this, we write Eqns (1) as

m?2

1
7 Y = STCG(T}W - E Euv T) - R;w +

m2
B

This shows that the right-hand side of these equations
contains only geometrical characteristics of the effective
Riemannian space and quantities determining the distribu-
tion of matter in this space.

We now use the Weyl—Lorentz—Petrov theorem [1],
which states: “Knowing ... equations of all time-like and all
isotropic geodesic lines allows the metric tensor to be
determined up to a constant factor.” This implies that by
experimentally studying the motion of particles and light in
the Riemannian space, one can in principle determine the
metric tensor g,, of the effective Riemannian space. Then by
substituting g,, in the above equation, one can determine the
metric tensor of the Minkowski space. After that, using
coordinate transformations, one can make a transition to an
inertial Galillean reference frame. Therefore, the Minkowski
space is principally observable.

Here, the words of V A Fock are relevant [12]: “How one
should determine the straight line: as the light ray or the
straight line in that Euclidean space where harmonic
coordinates xy, x», x3 serve as the cartesian ones? We believe
the second definition is only correct. In fact, we have used it
when said that the light near the Sun propagates along a
hyperbola, — and further on this: — considerations that the
straight line, as the light ray, is more directly observable, have
no significance: in definitions, the crucial is not the direct
observability but the correspondence to nature, even if this
correspondence is inferred from indirect considerations.”

The inertial reference frame, as we have seen, is related to
the distribution of matter in the Universe. Hence, RTG gives
us the possibility in principle to determine the inertial frame.

6. Evolution of a homogeneous isotropic universe

6.1 Equations of the scale factor evolution
In a homogeneous and isotropic universe, the interval in the
effective Riemannian space can be written in the form of the
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Friedmann — Robertson — Walker metric:

dr? .
ds? = c2U(r) de® — V(1) 1_—’kr2+r2(d92+sm29d¢2) ,
(83)
and the Minkowski space interval is
do? = ¢2de®> —dr? — r2(d0? +sin* 0de?) . (84)
We write Eqns (1) and (2) of RTG in the form
m? 1 m?
> Yy = SRG(TH\, ~3 g,wT) - R, + 5 S s (85)
08" +7),8" =0. (86)
Taking into account that
Y =1,y =—rsin®f, b=y =r"",
7% = —sinfcos0, 73, =cotl,
g% = V3/2U_1/2(1 — krz)fl/zr2 sinf, (87)
g =—V'"2U"P(1 — kr?)?r?sin g,
g2 =—V'"2U'"P(1 — kr?)"sin0),
g33 _ 7V1/2U1/2(1 _ er)*1/2(sin 0)71 ,
we can rewrite Eqns (86) withv=0and v =1 as
d/ Vv
. <—U1/3> =0, (88)
d _
— 5 A=k 2] 20— k) =0 (89)

For the components v =2 and v = 3, Eqns (86) are satisfied
identically. From Eqns (88) and (89), it follows that

L:const:ﬂ“;éo, k=0.

Ui (90)
Thus, because the set of RTG equations is complete, it leads to
a unique solution: the flat (Euclidean) geometry of the Universe,
in contrast to GR.

Setting

a?=U'"", 91)

we obtain

ds? =p°¢ {czdr2 —

2
; <%> (dr2+r2d02+r25in29d¢2)].

(92)

Here, the quantity

3
a
dty = <f> dt
B
characterizes time dilation in the gravitational field relative to
the inertial time 7. The overall numerical constant ¢ in the
interval ds? equally increases both the time and the space

variables. It reflects the global dynamics of the Universe, as
an integral of motion. Time in the Universe is determined by

(93)

dr, which is the time-like part of the interval ds:

dt = pidey =a’ds, (94)
ds? = ¢2dt? — pa®(r)(dr? + r2d0* 4 r2sin® 0dep?) . (95)

The matter energy —momentum tensor in the effective
Riemannian space has the form
T,uv = (.0 +p) U,u U, — gwp (96)
where p and p are the density and pressure of matter in its rest-

mass frame and U, is its velocity. Because go; and Ry; vanish
for interval (95), Eqn (85) implies that

T()i:() and U,:O (97)
This means that in the inertial frame determined by interval
(84), matter is at rest during the evolution of the Universe.
Matter being at rest in the homogeneous isotropic Universe
(ignoring peculiar velocities of galaxies) in some sense
corresponds to the early (pre-Friedmann) concepts of Ein-
stein about the Universe.

The so-called ‘expansion of the Universe,” as inferred
from observations of red shifts, is due not to the motion of
matter but to the change in gravitational field with time. This
should be borne in mind when using the commonly accepted
term ‘the expansion of the Universe.’

When describing interval (95) in terms of the proper time
7, the interval of the original Minkowski space (84) takes the
form

do? = — dt? —dr? — r*(d6” +sin’ 0d¢?). (98)

a
Using (95) and (98) and taking into account that

Rio==3%. R =p*(ai+24?), (99)
1 1

Too—zgooTZE(P+3P),

(100)

SR (P

T —EganEﬁ a*(p—p),

we derive equations for the scale factor from Eqn (85) as

1 d%a 4nG 3p\ 1 5 1
a5 (o) g (1-55) 0om

¢ %)2 =0 - gy P (2~ T 5) - 102

a dr a2[f4

In a Universe without matter and gravitational waves,
Eqns (101) and (102) have the trivial solutiona = f = 1, i.e.,
the empty Universe does not evolve and the effective
Riemannian space coincides with the Minkowski space. We
note that in our theory, the absolute value of the scale factor a
acquires a physical interpretation. For m = 0, Eqns (101) and
(102) coincide with the Friedmann equations for a flat
Universe. However, the terms with m # 0 significantly
change the evolution at small and large scale factors.

The appearance of additional terms with m? # 0 in
Eqns (101) and (102) (in particular, terms ~ m?/a®%) is due
to the difference in the inertial time 7 and the physical time 7 in
(94). Because gravity affects the flow of time, these terms turn
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out to be large enough to influence evolution in strong
gravitational fields (despite the smallness of the graviton
mass). Due to the change in the inertial time in the
gravitational field, forces emerge that manifest themselves as
repulsion forces when the Universe contracts or attraction
forces at final stages of the expansion of the Universe. The
proportionality of terms in the right-hand side of Eqns (101)
and (102) to the graviton mass squared is a manifestation of
the fact that only when m? # 0 does the effective Riemannian
space retain the relation to the underlying Minkowski space.

6.2 The absence of the cosmological singularity
From the covariant conservation law for the energy—
momentum tensor density T#' = ,/—g T"",

VW = 0,7 4 I, T =0

(where V, is the covariant derivative and I',; are the
Christoffel symbols in the Riemannian space), which follows
from Eqns (1) and (2) and expression (96), we can derive the
equation

lda_ 14
adt 3(p+p/c?)dt’
With the equation of state p = f(p), formula (103) determines

the dependence of the matter density on the scale factor. For
the equation of state in the form

P
ﬁ:wp7

(103)

this dependence is

const
B EC R

For cold matter, including dark matter and baryonic matter,
ocpm = —1; for the radiation density, w, = 1/3; and for the
quintessence, g = —1 4 v, v < 2/3. Thus, the total density of
matter in Eqns (101) and (102) is given by

_ ACDM Ar Aq

ot

PRI (104)
where Acpwm, Ay, and Aq are constants. According to (104),
the radiation-dominated stage occurs in the Universe at small
scale factors (a < 1):

p"’pr:?

Turning to Eqn (102), we note that for a < 1, the absolute
value of the negative term in the right-hand side increases as
1/a®. Because the left-hand side is positive definite, a
minimum scale factor must exist:

(105)

Amin =

me ( m2c?

1/6
(321IGAr)l/2 B 32TCGpmax> '

The presence of the minimum scale factor (105) implies that
the process of time dilation by the gravitational field during
the contraction of the Universe stops. Therefore, the gravita-
tional field cannot act so as to stop the flow of time.

Thus, the nonzero graviton mass and hence the appearance
of effective forces related to the change in the flow of time
eliminate the cosmological singularity and the expansion of the
Universe starts with the finite scale factor in (105). The
surprising feature of the gravitational field to create repul-

sion forces that stop the contraction of the Universe and
initiate its later accelerated expansion is fully manifested here.

We emphasize that the commonly used terms ‘gravita-
tional forces of attraction’ and ‘gravitational forces of
repulsion’ mean that the increase and decrease in density
and pressure of the Universe is caused not by pressure
gradients, which are absent here, but by the change in the
flow of time and the volume occupied by a given mass under
the action of the gravitational field changing in time.

Based on (101) and (105), we can determine the initial
acceleration that was the primordial ‘kick’ initiating the
expansion of the Universe:

1
adt?| _,

8nG
T Pmax -

Hence, according to RTG, at the radiation-dominated stage
during the period of accelerated expansion preceding the
Friedmann stage, the scalar curvature is nonzero and

16nG
-T2 Pmax

c

at T =0, while it vanishes in GR. When the scale factor
increases to

3

aZ(T) = E Ain >

the Hubble constant reaches a maximum,

Hpnax = 3_2(32nGpmax)1/2 )

the scalar curvature is

R (2)3 167G Py

)

3 c?

and the invariant is
pAuY -7 32nG ’
Rpi,,uvR =8x3 c2 Pmax .

Because the scalar curvature R and the invariant R,,,I,”,R”;“”v
depend on p,,,, multiple production of gravitons at the
radiation-dominated stage can be expected. A nonthermal
relativistic primordial gravitational wave background can
originate in this way.

6.3 The impossibility of an unlimited ‘expansion
of the Universe’
In considering the gravitational field ¢*" as a physical field in
the Minkowski space, the causality principle must be
imposed. This means that the light cone in the effective
Riemannian space must lie inside the light cone of the
Minkowski space, i.e., for ds? = 0, the condition do? >0
must be satisfied. Writing do 2 in spherical coordinates as
do? = ¢2dr?> — (dr? +r>d0* + r?sin® 0d¢?) (106)
and deriving the spatial part of the interval from the condition
ds? = 0, we obtain

4
daz_cdeQ(l—Z“) >0,
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(@* - p*H <o0. (107)

Thus, the scale factor « is limited by the condition a < f3, and
it is therefore natural to accept its maximum value as

Amax = ﬁ

Choosing amax in such a way provides the flow of time dz, at
the stopping point of the expansion equal to that of the
inertial time ¢ in the Minkowski space, although the second
derivative d and, hence, the scalar curvature R are nonzero.
From this point, attraction forces make the Universe
contract and the time dilation dr, continues until the
contraction stops and the reverse process of the acceleration
of time dt, up to the flow of the inertial time ¢ in the
Minkowski space begins. These physical consequences require
that the condition am,x = f be satisfied. As we see in what
follows (see Section 6.7), the value of f is determined by an
integral of motion.

Condition (107) does not allow an unlimited increase in
the scale factor with time, i.e., prohibits the unbounded
‘expansion’ of the Universe (in the sense discussed above).
We note that the Universe itself is then infinite because the
radial coordinate is defined everywhere in the range
0<r<oo.

6.4 Evolution of the early Universe
At the radiation-dominated stage of the Universe (p = p,) for
a < 1, Eqns (101) and (102) take the form

1dey? 1 1\ 1

(o) ~2(-5)# o)

1d¢ 1 /2 1

s (E) e 1)
where

1/2
. a(r) o= _ 3 T
Amin 8nGPax

The solution of Eqn (108) is given by

T Ly, .

r—rzi{é(gz—l)l/z—kln c+@E@-n"} o)

Foré—1<1(r <),

14 1/\* 7 /7\*

2 \1; 24 \ 1, '

Adding Eqns (108) and (109) yields

éJr a 2 B (mc)2

a \a) 12a8°
where ¢ = da/dz.

In GR, the left-hand side of this equation at the radiation-
dominated stage is exactly zero, and hence the Friedmann
stage with the scale factor a(t) changing as /2 is realized. In

RTG, according to this equation, there is a ‘pre-Friedmann’
stage at the radiation-dominated epoch with the scalar

a = dmin

curvature
1

1 2

The particle horizon is equal to

T edr! 12
Roart(7) = ~er(14: 5.
) =) | a(t’) “( *312)

T

Accelerated expansion occurs, according to (109), until
E=V2 (ie.,a= \/ﬁamm) during the time

1
Tin =T 5 [V2+In(1+ V2)] = L5z,

The quantity @/a reaches its maximum (d/a),,, = 2/3V/3%
somewhat earlier: at a/amin = /3/2 and at t ~ 0.762 1.
Large acceleration when the scale factor grows from its
minimum value (i/a), = 1/t?2 is established by the effective

forces that appear due to the difference in the flow of time t and t

(see Egn (94)) caused by gravity. These forces are due to the
term m?/a® in Eqns (101) and (102). At 7 > ti,, the
deceleration follows the acceleration. When & > 1, the
expansion (110) reaches the Friedmann regime correspond-
ing to the radiation-dominated stage,

20\ /2
Cl(‘[) = min & ~ Amin (?)

with the well-known dependence

pﬁpr(’[)zm, > 1. (111)

For the primordial nucleosynthesis conditions to be
satisfied during the first seconds after the expansion starts, it
suffices to have 1, < 1072 s. The corresponding constraint for
Pmax 18 fairly weak:

Prax > 2 % 1010 gem ™3

The value of p,,,, at the electroweak energy scale k7' ~ 1 TeV,
with all the degrees of freedom of leptons, quarks, etc. taken
into account is

Pmax = 1031 g Cm73 )

and at the Grand Unification scale kT ~ 10'° GeV,

Prmax =~ 107 gem™3

Consequently, because the scale factor @ cannot be zero
according to RTG, no Big Bang could have taken place in the
Universe in this theory. In the past, everywhere in the
Universe, matter was in the gravitational field and had a
high temperature and density, and then evolved as described
above.

6.5 The total relative density of matter

and the graviton mass

Let ay be the present value of the scale factor and p? be the
critical density determined by the present values of the
Hubble constant

-8
adt),
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by the relation
8nG
H? = = pco .
Introducing the variable

X =—
ao

and the density ratios

0 0 0
ap=t5. en=[8. =T
Pe Pe Pe

and taking formula (104) into account, we can rewrite
Eqns (101) and (102) as

1 dx\> Q" @0 Q) g2 3 1
Bt [ & ) [uiet S il IAE: AN I I R
(x dr) {x“ Tt TS ( 2p%a2 +2a6>} ’

(112)
1dx  HY[200 @ L3 Q]
a2 w2 )
/? 1
AN —— 11
+3 )| (113)
where
2
_@:mgc
f=g="T (114)

For the present value of the quantities at ap > 1, Eqn (112)
yields

i.e., the total relative density is

pO f2
Q) = l;ot—99+9,?1+9g:1+?.

0= (115)
C
Thus, the Universe with the Euclidean space geometry
(according to RTG) must have Q2 > 1, while in theories
with primordial inflationary expansion leading to the flat
geometry of space, the condition Q&t = 1 must be satisfied
with high accuracy (~ 1073 ~1073). Equation (115) allows the
graviton mass to be determined from the modern measure-

ments of Q) and H.

6.6 The upper limit on the graviton mass

The determination of cosmological parameters from mea-
surements of the angular inhomogeneity of the cosmic
microwave background (CMB) systematically leads to the
mean value Q_, > 1. This follows from the first quantitative
experiments COBE [13], Maxima-1 [14], and Boomerang-98
[15], whose joint analysis [16] yields Q&[ =1.11+£0.07, and
from the superb data of the WMAP experiment [17-19],
which alone (without invoking measurements of distant type-
Ia supernovae [20, 21] or processing galaxy catalogs like
2dFGRS [22] and SDSS [23]) suggest (depending on the
parameters assumed)

Q) =1.09570%

o= * and Q2 =1.086"0.

tot — —
Within measurement errors, these values, of course, do not

contradict the flat Universe Q° = 1, as predicted by infla-

tionary cosmology; however, they can also indicate a nonzero
graviton mass in accordance with Eqns (114) and (115). In
any case, taking the value Q° = 1.3, which is more than 2¢
higher than the mean value Q,;,, we obtain a 95%-probability
upper limit on the mass of the graviton from (114) and (115).
The quantity f in (114) can be conveniently expressed as the
ratio of the graviton mass to the value

h

my = ij: 3.80 x 107%0
C

which could be named the ‘Hubble mass.” For f2/6 = 0.3,
the upper limit on the graviton mass is [24]

my < 1.34my ~ 5.1 x 107 /1,

or with 7 = 0.70,

my < 3.6x107% g. (116)

The Compton length of a graviton turns out to be comparable
to the Hubble radius of the Universe ¢/H:

7 »
<075 L.
mgc H

Estimates of the upper limit on the graviton mass obtained in
earlier works were based on the gravitational potential of the
Yukawa form for massive gravitons. In papers [22, 26], from
the analysis of the dynamics of galaxy clusters and conserva-
tive estimates of distances (~ 580 kpc) where the gravitational
connection between galaxies in clusters still exists, the upper
limit on the graviton mass was obtained as

my <2x 107 g.

Our estimate (116) is more than 5000 times stronger than this
limit. This is due to our systematic treatment of the
gravitational field in the Minkowski space. Our considera-
tion includes both the equation showing that the potential of a
weak gravitational field has the Yukawa form and the general
equations (1) and (2), which are consistent with all gravita-
tional phenomena observed in the Solar system and applic-
able to the entire Universe at a scale of the order
¢/H ~10%® cm, i.e., 5000 times as high as the distance
between gravitationally bound galaxies in clusters.

6.7 The evolution integral of the Universe

and the present value of the scale factor

Using Eqn (103) to eliminate the pressure p from Eqn (101),
we obtain

1d’a 4nG ([ dp 1 5 1
= a2l —Z(me) (1 ==
ad? 3 (" dat p> 5 ) ( a6)’

and then rewrite this equation as

d’a dV
hal 11
a2 " da " (117)
where
G (me)* ([, 1
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Multiplying both parts of Eqn (117) by da/dz, we obtain
d [1(da\’
HHE R

2
1(@> + V' = E = const.

or

119
2 \dr (119)
Expression (119) resembles the energy of a unit mass. If the
quantity a had had the dimension of length, the first term in
(119) would have been the kinetic energy and the second term
the potential energy. The quantity

4nG ,
3 4°F
in (118) corresponds to the gravitational potential at the
boundary of a ball with the radius « filled with matter with
the constant density p, and additional terms in (118),
proportional to m?, correspond to the effective forces
emerging due to the gravitational influence on the flow of
time, as we discussed above.

The quantity E is an integral of the evolution of the
Universe. It is extremely small but nonzero if m # 0.
Expressing (da/dr)2 from Eqn (102) and substituting it in
Eqn (119), we find

(120)

Therefore, the constant f [see (107)], which enters the
expression for interval (95) and according to (107) bounds
the growth of the scale factor a, can be expressed through the
integral of motion E.

In what follows, we need the present value of the scale
factor ap. It can be estimated from the following considera-
tions. Assuming the evolution of the Universe to begin at the
radiation-dominated epoch, we express g /dmin as

1/4
ao _ <pmax>
min Pro ’
where p? is the present-day radiation energy density. In turn,

p? can be expressed through the relative density Qro and the
critical density p?:

3H?

Therefore,

14
do 87 GPax 10 1/4
== ~ 1.34 x 107 (Gpyy,
o (5 e <107 (Gpye) !

where Gp,,,, is expressed in s~2. (The numerical coefficient in
this expression was calculated using the standard values
H=h/3.0857 x 10"7cand Q7 = Q° = 2.471 x 107°/h?.)

Then, using definition (114), we can express the value am;n
from (105) as

fz 1/6 3 H2 1/6
= () (Gms)

1/6
_satx107 (L R
6/ (Gpma)"®

where
f? 0
6 = Q0 — 1

in accordance with (115). On the electroweak scale,

Amin ~= 5 x 10711

and on the GUT scale,

Amin >~ 5 X 10717,

From the relation ag/ami, for ap, we have*

v f_2 1/6 2% Gpp oy
o) \5w) @)”

1/6
~ 110t : Gpra)'
- * X 6 ( pmax) *

(121)

For p,,,, taken on the electroweak scale, we have

ap~5x10°,

and on the GUT scale,

agp ~ 5.5 X 10°.

In RTG, the absolute value of the scale factor acquires
meaning (see Section 6.1). For the mean value Qo = 1.02
(i.e., f2/6 =0.02) and p,,,, = 10' gcm™3, the value ap > 1.
This justifies approximations made in deriving Eqn (115).

6.8 Incompatibility of RTG with the nonzero cosmological
term (ACDM-cosmology). The need for a quintessence
with v > 0

As noted above, in considering the gravitational field as a
physical field in the Minkowski space, the causality principle
must be satisfied. This requirement, when applied to the
evolution of the Universe, leads to inequality (107), accord-
ing to which the scale factor is bounded by the inequality
a < amax = P. In other words, according to RTG, unlimited
expansion of the Universe is impossible. Mathematical
equations of RTG automatically ensure this condition when
the matter density decreases as the scale factor increases.
Indeed, the structure of the term proportional to m?2 in
Eqn (102) is such that the positive definite left-hand side of
the equation implies that the third term in parentheses ensures
the absence of the cosmological singularity at @ < 1 and the
first term restricts the minimum value of the matter density

4 For numerical estimates, the relative density of relativistic particles Qro is
taken to be equal to the CMB energy density Q°, because neutrino
oscillations suggest that at least two types of neutrino are nonrelativistic
at present. When extrapolating to the early Universe, one should of course
take into account that the CMB temperature increases due to eTe”
annihilations. Before that, it was equal to the temperature of the neutrino
gas, which at that time consisted of relativistic neutrinos and contributed
to the total density of relativistic particles. Similarly, when extrapolating
to the early Universe, the density of the relativistic gas increases due to the
creation of other relativistic particles. But because the quantity Qr” enters
(121) as (Qro) /4 the numerical coefficient in (121) changes less than three
times (even if we assume the number of the degrees of freedom in the
relativistic gas to be as high as 100).
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from below (and hence, the scale factor from above) fora > 1.
The condition

8nG (me)?
°oR -0
3 P76 :
written as
H? me)?
Hp -1 o,
Pe 6

where H is the present value of the Hubble constant, leads to
the equality

(mc)z 0

Pmin = 6H?2 Pe >
or, in another form,

pmin_f2:Q0 1.

tot

= 122
The field theory of gravity turns out to be inconsistent with the
existence of a constant cosmological term leading to unlimited
expansion of the Universe. Indeed, when a > 1, Eqn (112) and
the causality principle imply

2
Qﬁ<?.

But this inequality is inconsistent with the condition
2

Q> ra
which is required for accelerated expansion to be realized at
the present time in accordance with Eqn (113).

Thus, the only possibility in the framework of RTG to
explain the accelerated expansion of the Universe observed
presently is to assume the existence of a quintessence withv > 0
or another substance whose density decreases with the increase
in the scale factor (but slower than const/a®). RTG excludes the
possible existence of both the cosmological constant term
(v = 0) and ‘phantom’ expansion with (v < 0) [27].

6.9 The beginning and the end

of the present accelerated expansion

The strongest constraints on the value Q2 = 1.0183913 are
inferred from the WMAP experiment [17-19] using the
ACDM-model and the SDSS galaxy catalog in combination
with the SNIa data. These results allow Q2 = 1.03 within l¢
uncertainty. The difference of this value from unity, accord-
ing to RTG relations (114) and (115), determines the graviton
mass

my = 0.424my = 1.6 x 107 h.

For definiteness, we use this value of the graviton mass in the
estimates below. Because Q, < Q,, and a > 1 before the
beginning of the present accelerated expansion, it follows
that the beginning and the end of the accelerated expansion is
determined in accordance with (113) by roots x| < x < x; of
the equation F(x) = 0, where

0 0 :
F(x):&—2<l—ﬂ> &—&-ﬁ.

x3 2 ) x¥ 3

The accelerating stage is possible if v < 2/3. The value of the
first root x| is related to the redshift Z; corresponding to the
start of the acceleration stage:

ooy (123)
Xr o a
The time since the beginning of expansion until the

present acceleration stage can be found from Eqn (112). If

we neglect the duration of the radiation-dominated stage and
the value of the scale factor at its end, we obtain

1JX‘ dx
T~ — _
1R . x(cb(x))l/2

L 4y

H 700 p(Q0y3 + Q0> — 12/6)'2
where
Q0 QO 2
D(x) =—2 4 S/

x3 X3 6

and we assumed Q‘?q =0.27, QS = (.73 following Refs [17—
19].

Accordingly, the time of the end of the accelerated
expansion and the transition to deceleration is

. 1JX3 dx
2= 5| i
H Jo 3{((15(x))1/2

and the present age of the Universe is

. _ijl dx
P H w(e(x)

The physical distance traveled by light (the particle horizon)
up to the present time is determined by the relation

D _c ”()/a’"’"d 004 4 00,3 4 00,3
parl(TO)—I_I1 y ry + my + qy

SN2 e
6 2aé - H'

This value determines the size of the presently observable
Universe. Qualitatively (using arbitrary scales), the time
dependence of the scale factor and its derivatives ¢ and d are
shown in Fig. 1.

5
B o

6.10 The maximum value of the scale factor

and the evolution integral of the Universe

The time corresponding to the end of the accelerated
expansion and the transition to deceleration stopping the
expansion strongly depends on the parameter v (see Table 1).

Table 1. The time of the beginning of accelerated expansion of the
Universe 11, the time of its end 7,, and the duration of the maximum
expansion (the oscillation half-period) tm.x, in billions of years.

v Tl T2 Tmax

0.05 7.0-8.2 9801080 1220-1360
0.10 7.0-8.2 440485 620—685
0.15 7.1-8.3 275-295 430-460
0.20 7.1-8.3 190205 325-347
0.25 7.2-8.5 142-149 263-280
0.30 7.5-8.7 109-113 227-235
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Figure 1. The qualitative time dependences of the scale factor a, the
expansion velocity a/a, and the acceleration é/a. Here, ti, = 1.157, and 19
is the present time. Initially, the scale factor increases from some minimum
value api, with a very large acceleration that vanishes over a quite short
period of time tj,. During this period, the expansion velocity increases
from zero to a maximum value, while the scale factor does not increase
significantly: a(tiy) = V2amin. Then the expansion occurs with a negative
acceleration that vanishes at some instant 7;. The expansion velocity
decreases and at an instant slightly later than t; reaches some minimum.
The scale factor continues to increase here (the expansion continues). The
motion with positive acceleration proceeds up to some instant 7. The
expansion velocity and the scale factor increase. For t > 1,, the motion
with negative acceleration resumes and proceeds up to the instant 73, when
it stops. The scale factor reaches its maximum value, the half-cycle ends,
and everything repeats in the reverse order: contraction alternates with
expansion. The first maximum of d/a is reached at a = \/m Amin
(t ~0.76 7;), somewhat earlier than ;,; similarly, the second maximum
occurs earlier than t,. The minimum of d/a, in contrast, is reached
later than 7,. This follows from the negative value of (d/dt)(d/a) =
ija—d*/a*ati=0.

The scale factor corresponding to the end of expansion is
determined by the root of Eqn (112) and for small v is, to high
accuracy,

(693) 1/3v ( Qé) )1/31'
Xmax =~ | —=- =——"— .
ma: ‘fz Qt(:)t 71

After substituting ay from Eqn (121) in (124), we find

4 1 f2 23 2n Gpmax " Q‘? i
Apox =~ | =— - .
" 'Qro 6 3 H Qt%t -1

Taking this equality into account and considering the integral
of motion

(me)’

= 1 s
Samax

(124)

E

we obtain

E_(mc)2 008 3 H NP rag -\t
g o\ 2 G Q0 '
. e pmax q

This shows that the integral of motion for the evolution of the
Universe is extremely small. Using the expression for Xy, it
is easy to determine the relative attraction acceleration at the
end of expansion

a v mg62 2

a4 ( h ) ’
and hence the scalar curvature

R=2 <'"g62) g

2¢2\ h

It is essential that the relative minimum value of the
density pin/pd corresponding to the expansion maximum
depend only on the difference an — 1, i.e., on the graviton
mass [see (115) and (116)]. For Qgt = 1.02, the value of p;, is
quite large and even strongly exceeds the present radiation
density. In paper [24], the authors used the present age of the
Universe (13.740.2) x 10° years from [17, 19], which is
inferred using the ACDM-model. 1t is very important that
the new observations of SN1a [28, 29] at Z > 1 provide direct
information on the beginning of the present acceleration.
According to the data obtained in the seminal paper [29], the

present acceleration alternates with deceleration at the red-
shift

Z=0.46+0.13.

This result is consistent with the evolutionary picture
considered here. It allows the direct determination of x; [see
(123)] and precise measurement of cosmological parameters.>

The expansion to the maximum scale factor and the
subsequent contraction lead to the oscillating evolution of
the Universe. The concept of the oscillating Universe has been
argued earlier by many authors, primarily from philosophical
considerations (see, e.g., Refs [30—32]). This regime, in
principle, could be expected in the closed Friedmann model
with Q, > 1. But the need to pass through the cosmological
singularity in this model and the entropy increase from cycle
to cycle [32] seam to be unsurmountable obstacles.

We emphasize that in the framework of the Hilbert—
Finstein equations, a flat Universe cannot be oscillating.® In
RTG, an infinite Universe does not encounter these

> We note that the distance to supernovae (D) derived from the relation
F = L/4nD} (where L is the luminosity of the standard SN1a and F'is the
flux obtained) is expressed through the cosmological parameters in RTG
as

1+Z 0 3 03 72 -1/2
(Z+1>J1 {me +qu~‘ _ L dy.

4

Dr=

6

6 Paper [33] on the oscillating evolution of the Universe is erroneous
because the ‘solution’ given there is in fact not a solution of the original
Hilbert — Einstein equations, as can be checked by direct substitution. Also
erroneous is paper [34] because the system of equations (3), (17), and (18)
in that paper is inconsistent. We also note that Eqn (21) in paper [34]
directly contradicts the system of equations (17) and (18), because (21)
implies that R is a discontinuous function, while (17) and (18) show that R
is continuous.
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difficulties. Because there is no singularity in RTG, the
Universe could have existed for an infinite period of time
during which its different regions interacted, which ultimately
led to homogeneity and isotropy of the Universe with some
structural inhomogeneity that we neglected in our study for
simplicity.

In this approximation, the scale factor x; corresponding
to the end of the accelerated expansion is related to xpay as

3 1/3v 1
X = (I—EV) xmax%%xmax.

The time corresponding to the stopping of the expansion
(the oscillation half-period) for the graviton mass m, =
0.49 my chosen in [24] is about 1300 x 10° years at v = 0.05,
650 x 10° years at v = 0.10, and around 270 x 10° years at
v =0.25.

The attractiveness of the oscillating Universe was noted in
the recent paper [35]. The oscillating regime in that model is
due to introducing a scalar ¢ field interacting with matter and
using the concept of extra dimensions. Important ideas have
been put forward that the stage of accelerated expansion helps
to preserve entropy in the repeating evolutionary cycles. In
RTG, the oscillating evolution of the Universe is entirely due to
treating the gravitational field as a physical field generated by
the total energy —momentum tensor in the Minkowski space.

7. Conclusion

The above results suggest that the field approach, in which the
gravitational field is considered a classical physical field in the
Minkowski space, leads to the conclusion that the gravita-
tional field can both slow down the flow of time and stop
doing so, and, hence, stop the gravitational collapse of
matter. This is in full agreement with the general statement:
if the gravitational field in a physical theory can slow down time,
this theory must stop slowing down the flow of time, otherwise
the flow of time would be fully stopped by the gravitational field,
which is physically unacceptable.

This is revealed in the property of ‘self-limitation’ of the
gravitational field precluding the unlimited compression of
matter. In an isotropic and homogeneous Friedmann Uni-
verse, this property is responsible for the cyclic evolution from
the maximum matter density to the minimum value, etc. This
model solves the well-known cosmological paradoxes [such as
singularity, causality (horizon), flatness (Euclidean space)].

The theory implies the existence of a large hidden mass
(‘dark matter’) in the Universe. This conclusion was made in
1984 in paper [36]. More accurate observational measure-
ments of the total relative density of matter in the Universe
Qo could serve as a critical test for our theory. The ‘self-
limitation’ property of the gravitational field precludes the
existence of ‘black holes’ (objects without material bound-
aries and ‘isolated’ from the surrounding world).

According to our theory, the spherically symmetric
accretion of matter onto a massive body at the final
evolutionary stage (after the nuclear resources have been
exhausted) must be accompanied by an appreciable energy
release, while such an accretion onto a ‘black hole’ proceeds
with a small energy release because the infalling matter brings
energy inside the ‘black hole.” Searches for and observations
of such objects could shed light on the fate of massive stars at
the final evolutionary stages after their nuclear resources have
been exhausted.

In conclusion, the authors gratefully acknowledge the
valuable discussions with V V Kiselev, V V Lasukov,
Yu M Loskutov, V A Petrov, and N E Tyurin.
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