Cosmological consequences of the relativistic theory of gravitation.
Yu.V.Chugreyev, K.A.Modestov

It is pointed out that according to RTG based on the Minkowski space the presence of the quintessence is necessary to explain
the Universe accelerated expansion. RTG based on the deSitter background space predicts acceleration without any
quintessence.

Friedmann cosmological solution is one of the most important consequences of any classical theory of gravitation. We’ll consider
such solutions in relativistic theory of gravitation (RTG) [1], developed by the group of A.A.Logunov [2-13], paying more
attention to the dark energy problem.

RTG starts from the assumption that the gravitational field, as all other fields, develops in the Minkowski space and that the
tensor of the energy-momentum of all matter fields, including the gravitational field, is the source of this field. Such approach is
concordant with modern gauge theories of the electroweak interactions and QCD, where conserving charges and their currents are
the source of the vector fields. As the energy-momentum tensor is chosen to be the source of the gravitational field, the
gravitational field itself should be described by symmetrical tensor of the second rank, @*f . Further this gives rise to a
“geometrization” of the theory. It is emphasized there that the main requirement imposed on the background space is that it be a
maximally symmetric space, i.e., admit the existence of ten Killing vectors. This, in its turn, leads to the existence of all ten
integral conservation laws for the matter and the gravitational field ( maximum for 4d space-time). The spaces that satisfy this
requirement are called spaces of constant curvature[1],[14]. In particular, Minkowski space is one such spaces and that is why
this simplest space was chosen as the background in [1]. However, nothing prevents us from using some other constant-curvature
space.

Let’s consider first Minkowski case. The initial set of the RTG equations, based on the Minkiwski space-time has the form
(G=h=c=1):

(y*#DyDg + m?)@* = 16m t* ®)

Dg\/=y9* =0 @



where Dy is the covariant derivative in the Minkowski space with metric tensor y,,, and t*” are the densities of the gravitational
field and total energy-momentum tensor, correspondingly:

P = =YY, =7 = det(Vap),

where L is the density of the matter and gravitational field Lagrangian. Eq. (1) guarantees the conservation of the total energy-
momentum tensor, singles out polarization states corresponding to the gravitons with the spin 2 and 0, and excludes the states
with the spin 1, 0’ (analogously to the Lorentz condition, which excludes the photon with the spin 0). For equation set (1)-(2) to
follow from the minimal action principle, i.e. for it to result from the Euler equations:
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it is necessary and sufficient that the density of the ¢*¥ tensor and density of the Minkowski space metric tensor y#V should
enter into the matter Lagrangian in combination:
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and the matter motion in the gravitational field looks like, as it would appear in the effective Riemann space with the metrics g,,,,.
It should be noted that all the crucial changes as compared with the Einstein general theory of relativity appear in the RTG due to
the fact that the gravitational field is considered as the physical field in the Minkowski space. RTG takes into account the fact that
in the Minkowski space one can use any frames of reference, including accelerated ones, in which metric coefficients y,z form
the tensor with respect to arbitrary coordinate transformation. That is why Egs. (2) and (3) are generally covariant. The structure
of the term in the gravitational field Lagrangian, which breaks gauge arbitrariness of the gravitational field by introducing a
nonvanishing graviton mass, was unambiguously derived in [1]. As the result, the equations of the gravitational field and matter
takes the form
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where R and R are the corresponding curvatures in the effective Riemann space, and T} is the energy-momentum tensor of the

matter in the effective Riemann space
V _gT‘uv = —2 5gIJ—V

Eqs. (3-4) are generally covariant with respect to arbitrary coordinate transformations and form-invariant with respect to the
Lorentz transformations. Due to m # 0, the connection of the effective Riemann space with the metrics of the original

Minkowsky space y,p in Eq. (3) is retained. For the uniform and isotropic Universe the interval between events in the effective
Riemann space can be represented in the Freedman-Robertson-Walker metrics:

ds? = gapdx®dxF = U(t)dt? -
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where k = 1,—1,0 for the closed (elliptic), open (hyperbolic), and flat (parabolic) Universe, correspondingly. Eqgs. (4) for
metrics (5) takes the form:
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It follows from Eq. (8) that VU?’(g) — const, or

V() = p*U)Y3, B = const > 0. (8)

Eq. (7) is valid only for k = 0. Thus, from (4) it follows immediately that space geometry of the Universe has to be flat (at that
the initial inflationary expansion is not required).

Introducing the proper time

dt = \VUdt

and, as usually, notation of scaling factor

a?(t) = U(t)'/3

one can rewrite interval (5) in the following form

ds? = dt? — B*a?(7)(dr? + r2(d0? + sin 6% de?)) )



When expressions of (9) are used the equations of gravity (3) for uniform and isotropic Universe take the form
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where p and p are the total density of all types of matter and the pressure caused by the matter.

The B constant, which is determined by Eq. (8) and enters in Eq. (10), has a simple physical meaning. Considering the
gravitational field @*# as a physical field in the Minlowski space it is necessary to require the fulfillment of the causality
principle, which lies in the fact that the trajectory of the particle subjected to the gravitational field action should not leave the
limits of the light cone in the Minkowsky space. An analytic formulation of the causality principle for all background spaces is
the following: For any four-vector v* that is isotropic in the background space,

Yo ﬁv“vﬁ =0,
the following inequality must hold:
apV” vP <0
For interval (9) this condition leads to inequality
a*(t) — p* <
Thus, the B constant determines the maximal value of the scale multiplier

b= Amax



It means that according to RTG, the unlimited increase of the scale factor a(zt ) is not possible, i.e. the unlimited expansion of the
Universe is not possible. The mass of the graviton drastically changes the low of evolution at high energies: there is no Big Bang
singularity and there is maximal density p,,q -

From the covariant conservation low of the matter stress-energy tensor
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where V- covariant derivative with respect to the Riemannian metrics g,,,, it follows
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Therefore the matter density for the equation of state p = wp equals to, as in GR,
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In hot Universe the ultrarelativistic stage, with very small values of the scaling factor, is dominated by the radiation
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In this case, as follows from the Eq.(10), the negative term in RHS monotonically increases as 1/a® when a goes to zero. The
LHS is strictly positive, hence there should exist the minimal value a,,;,, and, correspondingly the maximal value of the matter

density p,,qx
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The causality principle constraints the scaling factor from above a < a,,,,, therefore the theory describes the infinite Universe,
oscillating between a,,;,, and a,,,,. It helps to solve homogeneity and isotropy problem as well as concentration of the relic
monopoles without inflation.

One of most prominent discovery of the recent time is that the expansion of the Universe is accelerated
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For normal, e.g. barionic, matter w(> 0) means simply squared sound velocity, therefore the only positive term here is the last
one: a~®. It’s of the same order of magnitude with p in vicinity of a,,;,,, but it is rapidly decreasing when the scaling factor goes
up. At the present time m?/a® much less than 1. Therefore one has to add a new matter of quintessence (in analogy with GR).
This substance is not interacting with ordinary matter and has equation of state with negative w < 0, which provides acceleration.
In GR exists the second recipe —to add to the Lagrangian the cosmological constant corresponding to

w=—1

But it‘s impossible to do this in RTG based on the Minkowski space, cause the vacuum solution would be nonzero ((p“ﬁ +* 0),
and, secondly, the causality principle would be violated. To ensure acceleration, A term should be greater than m? /6 (other m?
terms in (10) at the contemporary epoch are negligibly small). In this case the scaling factor will unboundedly increased as
exp(A — m?/6)t in contradiction with condition a < a4,



Consequently in RTG based on the Minkowski space one has only one option —quintessence. Usually it is a model of
cosmological scalar field @. We’re also propose such model [10], with having strictly w = const < 0:

L=—/—gV(@®)(UDI, I*=g%0,00,P

Equations of field ¢ and energy-momentum tensor T,,, are
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When @ = @(t) tensor T, will have the form of perfect fluid one

p =(1—4q)V(P)[(9,P)*]*
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For any V(@) we get
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Having solved scalar field equation, one obtains finally
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Then the total mass density equals to
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where p,,, is a mass density at the barion domination phase, p,. is a mass density at the radiation phase and p,, is a mass density at
the last, quintessence period; A-py.4,, A, —Constants; equation of state w.p,, = 0 determines the equation of state of the cold
dark matter, including the dark mass and the mass of barions; equation of state w, = 1/3 labels the matter of radiation, and

w, = —1 4+ v is equation of state for quintessence [9], [10].

Introducing the standard relative densities and new variable x

0 0 0 2
P 3 1da a
Q, = ,Dg’ Qm - Clc))M’ 'Qv — p};’ P((;) - Hz’ HO — (_ ) , X =
Pc Pc Pc 8m adt/g Ao

where “0” labels present moment of evolution, one can get from (10-11)
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Our model differs from the ACDM model of GR only by the ‘mzterms.

Radiation density (1. has been calculated: ., = 2,5-107°/h?, h = H,/100 km/s/Mps, but the parameters H,, .., Q,, m, v
should be fitted from the observations. Assuming a, > 1, one can conclude S = a,,,, > 1. Therefore, given value of a, by
virtue of integration of Eq.(14) one can establish full cosmological scenario. Maximal density p,,,, IS determined by a, and the
mass of graviton m:

If p,,q, COrresponds electroweak scale p,,,, = 1031 g/cm3, kT ~ 1 Tev, thena, = 5 - 10°.
In GUT case p,,,4,, = 107°g/cm3,kT ~ 10 Gev one has to take a, = 6+ 10°.

In that case we should choose a, > 1 and at the present time a;® —term in Eq.(14) is at least 30 orders of magnitude less than 1.
The ay?-term is always (a/a,,q,)* times smaller the former one and is also negligible, confirming our assumption. Thus at the

present moment of quintessence domination, only constant m? term survives, with formally having the form of negative
cosmological constant. Contrary to GR, where the dark energy is represented either by quintessence or by cosmological constant,

iIn RTG on the base of Minkowski space one has both of them:
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Deceleration parameter g in that case equals to
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In the quintessence-domination period the time t is determined from (14-16) as

Jo, + 2
consequently 0 <v < 3
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— the moment of start of this domination [11]. Therefore at this stage one can get a(t)
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where the period of oscillating evolution <,,,, and a,,,, are equal to

. 2= (amax)?’v 60 HZ
max 3mv’ ao m2

Let’s notice that the 7,,,, depends not only on graviton mass, but also on the power of quintessence v. In paper [8] the upper
limit on the graviton mass was calculated

m< 1.6 - 107%g (95% c.l.)
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This quantity determines the size of the observed Universe by the present time. Qualitatively
(without exact scales) the temporal dependence of the scale factor, its velocity a and d is given
in the Figure.

YT s Tz

Figure. Qualitative curves of the dependence of the scale factor (upper part) velocity and
acceleration (lower part) dependent on time 7. Here 73;, = 1,157,. The present moment of time
is designated . In the beginning the scale factor prows from its minimum value @min with
a very high acceleration which in a short time enough, Tim, becomes zero. The velocity in this
period of time increases from the zero value up to the maximum one. The scale factor during this
period of time changes insignificantly: a(7y,) = v/ 2@ymin. Further on the expansion oceurs with
negative acceleration which becomes zero at some moment of time 7. The value of the velocity
drops and somewhat later than 7 it achieves its minimum value. The scale factor in this period
of time continues to rise (expansion continues). The motion with positive acceleration continues
till the moment To. The velocity and the scale factor increase. At T > 1o the expansion occurs
again with negative acceleration until the time when at the momentum 73 the expansion stops.
The scale factor achieves its maximum value. On this the halfcyele is completed and everything
repeats in the opposite order: the expansion epoch is changed by the compression epoch. For
the quantity a/a the first maximum is situated at a = +/3/2 amin (T ~ 0,76 7+) somewhat
earlier than 7, in the some way as the second maximum happens prior to 7a. The minimum
of a/a, contrary to this, is situated later than my. This follows from the fact that the quantity
(d/dr)(afa) = (d/a) — (a%/a®) at & = 0 is negative.
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If in the future some evidences of strict condition v = 0 will appear, then this opportunity forces us to think about searching
possible alternative of quintessence in RTG. As we see, one is unable to put A term straightforwardly into the gravitational field
Lagrangian, or as a part of L,,. But in that case we may consider relativistic theory of gravitation, based on the constant curvature
space [14], hoping it provides new mechanism for dark energy.

Such space with the metric tensor n,, has the following curvature tensor
P v
Kuvaﬁ — _E(nuvr/aﬁ _ nuanvﬁ)’ P=K= n K K/,tv — 77 Kocuvﬁ

P = 0 — Minkowski space (745 = Yap),
P < 0 — de Sitter space, (dS)
P > 0 — anti de Sitter space(adS).

Introducing gravitational field in close analogy with Minkowski case

J=99% = [=n(n% + ¢%), g =det(gap), -1 =det(nys)

and again put forward geometrization of the matter Lagrangian, we, following [14], finally come to the generalized field
equations, containing mass of the graviton:

2

——6“R +—5“ (7——) (g"“S —%65g8f)ngr = 8nT} (17)

Dg/—99*F =0 (18)

Comparing with (3),(4), we see the full identity in form with only exception - P-term in Eq.(17).
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Field equations (17), (18) obtained from the Lagrangian

L= Ly(Nap:y=99%") + Lu(gap $4)

= .- g“ﬁ(G G“ —G“ ﬁ” 16”( N gaﬁnaﬁ \/ g — \/ 77)

1
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To simplify the following calculations, we introduce the proper time t:

dr =\Judt, U>0

We can now rewrite the intervals of the background space and the Riemannian space in the form

ds? = gapdx®dxF = dv* — a?(7) l ~+1r%(d6* + sin 6 d(pz)] (19)

dr? :
do? = nepdx®dxF = ﬁdrz — b%(7) [$+ r2(dO? + sin 6?2 dgoz)] (20)

Substituting g, and 7,4 given by (19) and (20) in the RTG equations (17) and (18), we obtain the equations
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Consider the second derivative of the scaling factor a which is responsible for cosmological acceleration. In the absence of
2
quintessence the only positive term in the RHS of Eq.(22) is mT —f with P < 0. Henceforth, only deSitter background space

potentially can be the “new dark matter”. And this is really the case.
For dS space the homogeneous and isotropic intervals have the form

2
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0

k=0 do? = dt? — 3 e?fot[dr? + r2(dB? + sin 82 dg?)]

0

k>0 do? = dt? — Cosh2 Hyt [ + r2(df? + sin 82 d(pz)]
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The previous calculations enable us to describe in general features the evolution of the universe that is predicted by the RT G for
different choices of the background space. Naturally, the question arises of which of the possible models is closest to the real
universe. Unfortunately, present experimental data do not permit the selection of one definite model.

Due to the cosmological acceleration rejects adS background, we now describe the possible cosmological scenarios
corresponding to different de Sitter background spaces. There exist three types of these spaces.

a)Open dS space (P < 0,k < 0).

For this choice of the background, the evolution of the universe can be divided into three stages. In the first stage, there is
contraction: The scale factor a(t) decreases exponentially, and the proper time 7 is (up to an additive constant) equal to the
background time t. The Hubble constant H is related to the curvature P of the background space:

H Ho = P<0
~ 0O = 12 .

Since we observe H > 0, this stage cannot be associated with the present state of the universe. In the second stage some
oscillating behavior of the functions a(t) and U(t) is evidently possible. At the same time, H can sometimes be positive, but we
can say nothing about its numerical value. To the third stage, there corresponds exponential expansion of the universe, and t is
again equal to t (up to a constant). If we assume that it is in this epoch that we live, then the value of H enables us to determine

the curvature of the background Riemann space: H ~ ,/—P/12. The deceleration parameter g must have the value close to -1
(see below).

b) Closed dS space (P < 0,k > 0).

In this case, the scenario of the evolution of the universe is practically identical to the previous case; certain differences are
possible only in the "central region" (around t ~0) .
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c). Flat dS space (P < 0,k = 0).

In the period t < 0 the universe oscillates, and the nature of the oscillations is practically the same it was considered in the
framework of the RTG on the basis of flat Minkowski space, but without any acceleration. The only viable for the present time

stage is t > 0. In this case the universe can behave in the same way as in the third stage for the open background dS space
described above.

In all these cases background scaling factor b(t) on the t — oo stage is not constrained from above

b(t)~eflot - oo
In this limit we have asymptotically

a= eHOt(l + (p(t)), (t) =

HEy(y—3)+m?

e YHot « 1 (24)

1 4‘7'[(6_)/)14)/

— — —]/Hot
N 1+ y(t), Y(t) SRy () ram? e <1 (25)
where dominating matter has the density
AY
P = 23
The deceleration parameter is positive and goes to 1:
Y 9
—q=1-2¢p+—+—=1+¥*—-2)p—-3
q AT r*—2)p -3¢
For CDM
y=1+w,,, W, K1, KLY
we get finally
_q _1_ 127'L'Ay e—3Hot
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The final viability of the proposed models will depends on the full fit procedure with the observational data.

References

1. A.A. Logunov — Relativistic theory of gravitation.M.Nauka.2006.253P.

2. A.A. Logunov, M. A. Mestvirishvili, and Yu. V. Chugreev - Gravitation mass and evolution of a Friedmann universe. Theor.
Math. Phys. 74, No.1, 1-20 (1988).

3. Yu. V. Chugreev — Cosmological consequences of the relativistic theory of gravitation with massive gravitons. Theoretical
and Mathematical Physics, May 1989, Volume 79, Issue 2, pp 554-558.

4. M. A. Mestvirishvili, Yu. V. Chugreev —Friedmann model of evolution of the universe in the relativistic theory of gravitation.
Theoretical and Mathematical Physics, August 1989, Volume 80, Issue 2, pp 886-891

5. E. Yu. Emel'yanov, Yu. V. Chugreev — Evolution of Friedmann universe in the relativistic theory of gravitation based on
spaces of constant curvature. Theoretical and Mathematical Physics, December 1993, Volume 97, Issue 3, pp 1409-1420.

6. S. S. Gershtein, A. A. Logunov, and M. A. Mestvirishvili — Evolution of the Universe and Graviton Mass, 1998. Physics of
Atomic Nuclei.T.61.Ne8.P.1420.

7. Gershtein, S. S.; Logunov, A. A.; Mestvirishvili, M. A. — Generation of gravitons in a hot homogeneous and isotropic
universe. Dokl. Akad. Nauk, Ross. Akad. Nauk 381, No. 2, 185-187 (2001). (arXiv:gr-qc/0107059)

8. S. S. Gershtein, A. A. Logunov, M. A. Mestvirishvili — Graviton mass and the total relative mass density Qtot in the universe
. Doklady Physics, June 2003, Volume 48, Issue 6, pp 282-284 (arXiv:astro-ph/0302412)

9. S. S. Gershtein, A. A. Logunov, M. A. Mestvirishvili, N. P. Tkachenko — Graviton mass, quintessence, and oscillatory

character of Universe evolution. Physics of Atomic Nuclei, August 2004, Volume 67, Issue 8, pp 1596-1604. (arXiv:astro-
ph/0305125)

10.M. A. Mestvirishvili, K. A. Modestov, Yu. V. Chugreev — Quintessence scalar field in the relativistic theory of gravity.

Theoretical and Mathematical Physics, September 2007, Volume 152, Issue 3, pp 1342-1350 (arXiv:gr-qc/0612105)

11.S. S. Gershtein, A. A. Logunov, M. A. Mestvirishvili — Gravitational field self-limitation and its role in the Universe.

Physics—Uspekhi, 2006, 49:11, 1179-1195. (arXiv:gr-qc/0602029)

12.S. S. Gershtein, A. A. Logunov, M. A. Mestvirishvili —Cosmological constant and Minkowski space.-Physics of Particles and

Nuclei, May, 2007, Volume 38, Issue 3, pp 291-298

21



13.Yu. V. Chugreev — The vacuum cosmological solution is unique in the relativistic theory of gravity. Theoretical and
Mathematical Physics, October 2009, Volume 161, Issue 1, pp 1420-1423

14.A.A. Logunov, M. A. Mestvirishvili, and Yu. V. Chugreev, The Relativistic Theory of Gravitation Based on Spaces of
Constant Curvature Teor. Mat. Fiz., 86, 163 (1991).
15.A.A. Logunov Relativistic theory of gravitation Moscow. 1989: Mir (in English) (arXiv:gr-qc/0210005)

22



