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We derived the expression for the observable quantity — the luminosity distance — within the relativistic
theory of gravitation (RTG) in the case of zero pressure (p = 0) (“Dust Universe”). It contains both visible
(m) and absolute (M) magnitudes as functions of redshift z and mass of graviton my. The comparison of
theoretical curve with non-linear regression m(z) obtained from the I, supernova observations, reveals that
for my, < 1.8 -1075¢ g (including the case my — 0, corresponding to the GR solution with Q = 1), theory is
in good agreement with all I, supernova observations at the 95% confidence level, and, thus these data do
not require accelerated expansion for their interpretation.

1 Introduction

The effect of the accelerated cosmological expansion was first discovered in supernova SNI, [1-3]
and now is believed to be commonly accepted among the professional community. To explain this
acceleration two most popular concepts are usialy being attracted: one deals with the suggestion
of the existence of non zero cosmological constant, another is the hypothesis about very special
substance in the Universe - the so called “quintessence” with negative pressure.

Nevertheless, the comparatively limited number of SN observations (about 100 flashes) to-
gether with significant scattering in data, leaves room for other approaches. The point is as
follows: does there exist any cosmological model which is consistent with all SNI, observations
made so far and which has no accelerated expansion? The positive answer, if exists, would al-
low to reject A term connected with non-zero vacuum energy ¢ with negative pressure py =
—eo [4-8] or with exotic substance — “quintessence”, which possess the unusual equation of state:
pe=—(1—1)eq, (0 <v < 2) [9-12]. Are there any reasons to attract exotic “essences” with hardly
comprehensible physical nature if we have good agreement between simple theory and observations?
One of the alternatives to both “dark energy” and acceleration is considered in the work [13].

In the present work we consider the cosmological solution of the relativistic theory of gravitation
(RTG) [14, 15] with non-zero graviton mass mg, at the stage of dust-like matter (v = 0) and compare
it with experimental supernova data I,. At this point we are not dealing with experiments studying
the CMB anisotropies data [16-19] which are believed to confirm the accelerated expansion. We
think that interpretation of these data requires more detailed analysis (at least within the RTG),
because it, in considerable degree, is model dependent in contrast with independent data from
supernova measurements.

As will be shown below, all the SN I, data can be, under the certain constrains, well ajusted
with RTG theoretical curves for dust matter without “quintessence”. Thus, the idea of accelerated
expansion cannot be regarded as firmly established under the present state of experimental data.

In Part 2 we discuss the RTG equations (with mg, # 0) and their general solution for homoge-
neous and isotropic Universe. In Part 3 we derive the RT'G expression for luminosity distance in the
case of dust-like (¥ = 0) Universe as a function of redshift z. In Part 4 we compare these functions
with the results of statistical processing of supernova SN I, experimental data — the nonlinear
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regression curve based on the model under discussion and taking account for actual scattering of
photometric data.
In Part 5 we summarize and discuss the main results.

2  Cosmological solution in RTG

The equations of the relativistic theory of gravitation (RTG) are written as follows [14, 15], (in
units G =h=c=1):
1 5 &t -~ 1 ~
Ry — §mg(9/w - V) = \/T_g(TW - §9uvT)a (1)

Du(v—=g9") =0. (2)

In (1), (2) my — graviton rest mass; g,, and 7,, — metric tensors of correspondingly Riemann
effective and basic flat Minkovski space-time; 7T, w — energy-momentum tensor (EMT) density of a
sourcer in metric g,,; D,, — covariant derivative in respect to flat matric v,,. The equation (2) is
a general covariant field equation (not a coordinate condition) which follows from conservation of
the full EMT.

In the case of homogeneous and isotropic Universe it follows from equation (2) [14, 15], that the
Universe is flat (parameter k in the Robertson-Walker metric is equal to zero which implies that
space geometry of Universe is flat). Thus, the effective Riemann metrict takes the form

ds? = U(t)dt? — bUY3(t)[dr? + r*(d6? + sin® 0 dp?)]. (3)

If we introduce the proper time dr = v/Udt and denote R?(7) = U'/3, then the metric (3) is written
as
ds® = dr* — bR?(7)[dr® + r*(d6? + sin® 0 dp?)). (4)

In (4) R(7) — scale factor, b — integration constant. It can be shown [14, 15] that from casuality
conditions, always present implicitly in RT'G, there follows the requirement for constant b in (4):
R?(R*—b) < 0. So, for bin (4) one can choose b = R} ., where R}, — is a maximum scale factor
value. According to RTG [15], the unlimited growth of the scale factor R(7), i.e.the unlimited
expansion of Universe! is not possible. Substituting the expression for metric (4) to the RTG
equations (1),(2), and taking into account the expression for EMT in this case (T, = /—g[(p +
P)uyu, — g P), where p — density, P — pressure, u, = dz”/ds — 4-velocity), we arrive to the

equation for homogeneous and isotropic Universe in the form: [15]:

1dR\?> 8rG w R*
- ) =— - —(1-3=— +2RS 5
(Far) =570 (1o o). @
1 d°R 4G 3P(7) 1
- 7 —ow 1= —=—
e = (P + ) 2 (1- ). 0
2
where w = %(ﬂg) , and my — graviton rest mass, which value in all cases does not exceed

10~ %g (see. [15] and below, part. 4).

1We use here the traditional term “expansion”, though actually there is no expansion in RTG [14, 15] — the matter
in the Universe is always in rest and the Universe is infinite: the r coordinate in (4) varies within 0 < r < co under
arbitrary 7 values. The “runninig away” of galaxies determined from redshifts and commonly interpreted as a Doppler
effect, is in RTG a consequence of the fact that emission of photons from a remote galaxy takes place in stronger
gravitational field then in the point of observation due to difference in scale factor R(7), i.e. it has the gravitational
but not the Doppler nature.
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Equation (5) immediately implies that evolution of Universe in RTG is cyclic. It means that
scale factor varies within R, < R(T) < Rmar (Where Ry < 1,Rpq: > 1 stationary points

where shrinking (expansion) stops and where dR/d7 = 0). Hence the matter density varias within
21 2
Pmin < p(T) < Pmaz, and minimal density which corresponds to Ryqz, equals pmin = ﬁ <ﬂ%ﬁ> .

Thus RGT with the nonzero graviton rest mass, equations (5), (6), avoids both the cosmological
singularity (Ryin 7# 0, Pmaz 1s finite) and infinite Universe expansion (R4 is also finite).
One can get consequence from equations (5), (6):
1dR 1 dp
R dr 3 (,0(7‘) + 3IZ§T)) dr

(7)

From the general equation of state in the form P = vc?p (0 < v < 1/3), where v = 1/3 corresponds

to the ultra relativistic “radiation dominant” state and v = 0 — to the “dust like” non relativistic
matter state (including the present epoch), it follows that the solutions of (7) are:
a) for v =1/3: p(T):R%(T)EpT(T),
3
b) for v = 0: p(r) = RBL(T) = pm(7) = pmmg%(“;g, where R4, is connected with pq: by

~1/3
uﬂaﬁon_Rnww::i16-10‘2(16ﬂ(?f/6(2%$z) pi12.

The solution of (5) for the scale factor R(7) is written for these cases as a quadrature for inverse
function 7(R).

1) For the radiation dominant epoch (0 <7 < 79, v =1/3, Rpin < R < Rp) we get:

1 x2dx
T(R):—/ 75 (8)
/2
Y [ -1 ]

2
Rmin mazx

(a) It follows from (8), that at the early stages of evolution (7 — 0, R >~ Ry,) we arrive to the

assympthotic R(7) ~ Ryn (1+2R+ 7-2>, i.e. the uniformly accelerated expansion (R = const > 0).

(b) Under R > Ryin we get R(T) =~ Ig%;)nll/; V7 and R < 0.

2) For the “dust like” case (70 < 7 < Tz, ¥ =0, Rp < R < Rynaz) we get (u = Rz /):

Rmuz/RO

(R) = 19 + Tomas du ©)
TR =m0+ =0 WZRS. W — 2RS4 3% —uo 12

Rmaz/R

The approximate analytic expression for quadrature (9) was first obtained in (Logunov A.A. et al.,
2001, [15]) in the form:

7’—|-T0/3):|7 (10)

%h%mﬂ“2

3/2
where A\ = 3v2w = \/ié <m§f2). Under 7 > 79 we get from (10): 7(R) = 3\3% arcsin (Riz) .

In order to evaluate the validity and accuracy of the approximations adopted in (Logunov A.A.
et al., 2001, [15]) to derive (10), we performed the numerical integration of (9) using the Maple-8
Package. The calculations were made within the following ranges of my and pmaz: Mg = 10767 ~
107% g, pmae = 10% =108 g/cm?®. Tt turned out that approximation (10) remains a very good one
within these intervals, with relative error not exceeding 1076,
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Thus the RTG cosmological solution R(7), derived from (8)—(10), yields the accelerated expan-
sion R > 0 only at the most earlier stages (T < 79) with deceleration R < 0 at all other stages of
evolution up to Tigz.

It follows then, from the above discussion, that under 7 > 79, including the present moment,
that one can get with very good accuracy:

R(7) = Rynas sm2/3<)\2T), (11)

_ 3 (myc?
Where)\—jé< 3 )

From (11) we get for Hubble function:

H(r) = —=— = - cot| —
(1) =53 =33

At the present moment 7 = 7., H(7) = H,., where we accept, according to most of astronomical
dates, H. = (65 + 15)]“}'\14—/;50. Introducing the notion (where we using (12)):

1dR X ()\7)' (12)

ATe A 1 mgc?
(M) A L i3
Y=Y"9") T 3. T /G H.h (13)
we get from (11),(13) for the present value of the scale factor:
y2/3
R(Tc) = Rmaxm . (14)

Exactly this expression will be used below for the analysis of luminosity distance and comparison
with observations.

3 Luminosity distance in RTG

Assuming that the source of light radiating at the redshift z = #~*< and at coordinate distance r
at the moment 7 < 7, is seen now at 7 = 7, (with coordinate r = 0) we get:

R(r.) .
R(t) btz "
From (11), (14), (15) we get: 2/3
R(r) = Fmas Y (16)

(T+2) T+
Coordinate distance is given by the relation:

Te

r(r) = RQC / % . (17)

max
T

The luminosity distance is defined (see, for example, Weinberg, 1972 [20]) as

L

A =\ Tor

where L is the intrinsic luminosity of the source in 22 and [ is the observable flux in —3%—.
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Using the standard procedure (see Weinberg, 1972 [20]), the expression for metric (4) and
(15), (17), we arrive at:

Te

R%(1.) dt
- = cR()(1 = 1
&y = T Roar = eR() 1 +2) [ 155 (19)
Applying here (11) and (14) we get
2/3 ' dt
B y
df —c(1+z)(1+y2)1/3/ : (20)

sin?/3 (%)
:

Let us express the integral in (20) in the form:

. p
M=) G A i A 21
" / sin?/3(3) A / RN R (21)
0 2 0
where there introduced variable p (using (11), (15))
(AT Pe '
P = sm(7) BNCESEER
_ (AT y
Pc:sm( 5 )_m’ (22)

and y introduced earlier in (13). Since always y < 1, then p. < 1/v/2 (with maximum at 7 = Tp,42).
So, at present epoch we have p. < 1.
Integral in (21) is expressed through the hypergeometric function (as a result of the 1/v/1 — 22

power expansion): I(p) = 3p'/3F (%; %; %; p?). Keeping two first terms in this expansion, we get:
1
L) = 39" (14 ), (23)

with relative error = 61/ falling fast with diminishing p (for example, n < 1075 for p < 0.1).
From (20), using approximation (23) we get the RT'G luminosity distance as a function of z and m,
in form

4 =2(£)a+ VI [(1- =) +f_§1(1_m)] = (£)Fep). O

In General Relativity we have the well known relation for the luminosity distance (Zeldovich,
Novikov, 1975 [21]) , which in the case of ¢ = 1 has the form:

dGR = 2([{%) [(1 +2) - x/1+—z} : (25)

It easy to see, as one can expect, that under p. — 0, i.e. vanishing mass of graviton m,, expression
(24) transforms to (25).
For nearby sources z < 1 and p. # 0 (= mgy # 0) from (24) there it follows:

0 ()t TR (1-2) + (-39 = (B oo
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It is interesting to note, that from (24) there it follows for two sources with redshifts z; and zs:

14 2 dy 1- ﬁmg
2V (2 = fpe)
(1+21)<df2> 1— QZQ; \I’<m9’z1az2)' (27)

This relation, in principle, allows to determine the mass of graviton mg, provided we know the
fraction of luminosity distances %f% with sufficient accuracy. Unfortunately, the distances are deter-
mined with big errors and this method cannot be applied directly and statistical approach is needed
(see p. 4).

Now, let us rewrite the relation for luminosity distance (24) in terms of stellar magnitudes, as
commonly accepted in observational astrophysics. Using the known relations between magnitudes
and fluxes [Weinberg, 1972]: [ = 1075 - 2,52-10° _%2 . [ = 1075 -3,02-10% Z2. where
m and M are correspondingly the visible and absolute bolometric magnitudes, defenition (18) is

written as: (m—DM)

(m=M)
dp =105 (pe) = 107745 (Mpo), (28)

where m — M is the so called distance module. Using the relation (28), we arrive to the equation
for luminosity distance (24) in terms of distance module:

m— M =25+5lgc—5lgH.+51g F(z,p.), (29)

where F(z,p.) has been defined in (24). In (29) ¢ = 3 - 10° km/sec; so (25 + 5lgc) ~ 52.38;
H.= (65+ 15)%3;C , 80 5lg H. ~ (9.0 + 0.5). Usially, the value M for the Ia supernova is taken
to be —19.5™ [173]? Total uncertainty in M — 51g H, is at least £0.5™.

In the case of small z < 1 and p. =0 (= my = 0) (29) turns to the known expression in GR:

(m—M)SE =254+ 5lgc—5lgH. +5lgz+ 0.543z. (30)

ass

If pc # 0 (= my # 0) and z < 1, taking into account (26), one gets:
(m — M)ELG — 95 1 51gc —5lg H. + 51g 2 + 51g F1(z,p.) - (31)

ass

These relations (29)—(31) will be used for comparison with observational data below (see p. 4).

4 The SN Ia observational data and RTG model

The supernova observational data available up to now [1-3] can be summarized in the Fig. 1, where
the visible bolometric magnitudes of supernova are plotted against redshifts of their host galaxies.
The diagram at Fig. 1 consists of two different groups of data: one (Hammy et al. A.J., 1996) is
the observations of the low redshift host galaxies with errors of order of 0.25™ and more later data
with higher redshifts and with larger error bars up to 0.5 — 0.7™.

Two groups of theoretical curves in standard cosmological model for A = 0 and for A # 0 and for
different values of 2 are also plotted on the Fig. 1. It should be noted from the very beginning that
the vertical shift (along the mp axis) of the theoretical curve mp(z) directly depends on absolute
magnitude M and Hubble constant H (see, for example, the equ. (30)). The uncertainties in this
quantities can lead to arbitrary vertical shift up to £0.5™ and the only way to fix it is to built the
regression line for all set of available data. Let us note, that there are no regression lines and/or
confidence belts on Fig. 1.

To provide statistically correct basis for supernova data analysis we collect all the available data
for both small and large redshifts and construct overall regression between mp and z using the
general nonlinear regression. This regression together with 95% confidence belt, obtained with the
TableCurveFitting and Maple-8 statistical packages, are plotted in Fig. 2.
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Fig. 1. SN Ia effective bolometric magnitudes vs redshift data. From the work [2] (Perlmutter S. et al. A.J. 517,

565 (1999).
26 T l——,—I L B B B L A T T T ™ LA L L L L
m_b r ' i I 4a
% - | 1 | 4b
1- regression over experimental paints ‘ =5
2-assymtotic 1 under small z | | o ’

24 |—- — 3-RTG thearetical curve with m_g --> 0 T — s —

L ~-upper and lower borders of the 95%- + 7 2SRRI
) data seattering in regression curve N
3 r 5-RTG thearetical curve with m_g -> 0

and assymptotic 4a
22 =
21 -
Y 1 1 -~
19 .
18 E——
17 -
16 o
15 f ]
\ | redshift z
2 ‘ | ‘ \ 1
meE__ | ﬁ e b
0.01 0.02 0.05 0.1 0.2 03 o

Fig. 2. Regression line, 95% confidence belt, original data from [1-3] and theoretical curves mg(z).
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Initial model for building the regression is the Equ. (29) which yields the overall regression in
the form:

1
Mapr = K + 51g(2) + 51g(1 +47+ bz2), (32)

where K is fixing the regression curve along the mp axis and b is describing the nonlinearity with
larger values of z. The regression model gives the following values of K and b: K = 24.11 4+ (.05,
b =0.30 & 0.11 with overall r.m.s. about 0.25™.

Fig. 2 contains the following curves: 1 — regression line (32); 2 — assymthotic of (32) under
the small values of z; 3 — RTG curve with my — 0, i.e. the curve corresponding to GR model with
Q) = 1, which turns to curve 2 under z < 1; 4 — curves 4a and 4b are the upper and lower borders
of the 95% confidence belt correspondingly; 5 — RTG curve with m, — 0, but with assymptotic 4a.
It should be stressed that statistically speaking the real m(z) curve can occupy any position inside
the 95% confidence belt and, thus, one can put theoretical assymptotics for z < 1 at any place
within the belt, including its upper border — the curve 4a. In later case the curve 5 practically
wholly occurs inside the confidence belt, including its part near z = 1.

As seen from Fig. 2, all curves only slightly differ from strait line (curve 2). For the reasons
of obviousness, on the Fig. 3 they are presented together with original data after the subtraction
of assimptotic of regression line (32), i.e. line 2, Fig. 2. So, on Fig. 3 the vertical axis correspond
to the quantity Am = mp — mas2ym. This procedure looks to be correct, because we subtract the
statictically grounded regression, instead of any sort of theoretical curves containing at least two
not so good known parameters M and H., as sometimes is being done.

20 T T ’ l||'||||-|-|=‘ T rl’l‘]""""
|
. Am [ 1-regression over experimental points 1
I 2-assymtotic 1 under small z -
" 3-RTG theoretical curve withm_g —> 0 ) -
15[ 4-upper and lower borders of the 95% = i -
data scattering in regression curve . 4a2
I 5-RTG theoretical curve with m_g —> 0 Ae—dal
and assymptotic 4a
r 6-RTG theoretical curve with m_g >0 | +
1.0~ and assymtotic 4a (1- p=0.2; ll--p-=0.4) | -
i ]
A+—4b1
, 1 | J—qb2
| =0
e e = 3
— T J;_ 1{
LT
S 2
+

{ 7 redshift z
I I Bt

0.01 002 003 0.05 0.1 0.2

03 04 05 10

Fig. 3. Curves from Fig. 2 with regression assyptotic subtracted.

The curve on Fig. 3 corresponds to that on the Fig. 2 with addition of two items. First, here are
plotted two RTG theoretical curves 61 and 61II (equ. (29)) corresponding to two values of graviton
mass: p. = 0.2 and p. = 0.4. Second, here we approximately took into account the fact that the
uncertainties in observed magnitude values tend to increase with z, and we added curves 4a2 and
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4b2 which are the 95% confidence borders corrected for the data error bars. From Fig. 3 it is clearly
seen that the curve 5 (p. = 0) and the curve 61 (p. = 0.2) with asymptotic 4al (z — 0) practically
wholly lie inside the confidence belt, and if we take 4a2 - 4b2 border lines, then this will be true for
the curve 611 too. The curves 61 and 6II have the same asymptotic 4al which is possible due to the
above mentioned uncertainties in M and H..

Thus, we can state that RTG theoretical curves with the graviton mass m, < (1.8 £0.5)107%g
are in satisfactory agreement with the existing Ia supernova observations. It means that one cannot
state the acceleration of Universe as a firmly established point. This situation can be changed only
when the massive of observational date will be significantly increased.

5 Conclusions

The analysis made above allows to formulate the following conclusions:
1. The explicit expressions for the observable quantity — the luminosity distance — were derived
within the RT'G. They contain both visible m and absolute M magnitudes, redshift z and graviton

1 mgc?
V6 Hch )-
2. The SNIa data were statistically processed and non-linear approximation function obtained

together with regression curves m(z) and confidence bars. These results are compared with theo-
retical curves.

3. It is shown that RT'G curves with mg < 1.8- 10~%yg | including the extremal one with mg — 0
(this one corresponds to the General Relativity solution with ¢ = 1/2 and Q2 = 1), are in good —
on the 95% level — agreement with all observational data available up to the present moment. It
means that the model under discussion principally doesn’t require any acceleration of the Universe
expansion, which thus cannot be regarded as an established fact.

4. The significant increase in SNIa observational data is required as the only way to put more
accurate limits of mg, and to support or rule out the model with v = 0 and without acceleration.

mass my (the later is included in parameter p. = y/v/1 + 3%, y = A\/3H. =
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