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Scenario of Accelerating Universe from the

Phenomenological A Models
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Abstract Dark matter, the major component of the
matter content of the Universe, played a significant
role at early stages during structure formation. But
at present the Universe is dark energy dominated as
well as accelerating. Here, the presence of dark energy
has been established by including a time-dependent A
term in the Einstein’s field equations. This model is
compatible with the idea of an accelerating Universe so
far as the value of the deceleration parameter is con-
cerned. Possibility of a change in sign of the decelera-
tion parameter is also discussed. The impact of consid-
ering the speed of light as variable in the field equations
has also been investigated by using a well known time-
dependent A model.

Keywords general relativity; dark matter; dark en-
ergy; accelerating Universe, VSL

1 Introduction

Dark matter and dark energy are two major con-
stituents of the present Universe. As it stands today,
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the Universe is composed of nearly 30% matter and
70% dark energy m M) Again, of the to-
tal matter content, about 25% are non-luminous or
dark while baryonic matter contributes with the 5%
of all energetic content of the Universe and surpris-
ingly its largest fraction is found in the Intergalactlc
Medium, not in the galaxies

2003; [Shull 2005 Emﬂmﬂbm Long ago, us-
ing Virial Theorem, M (@ for the first time

suggested about the existence of dark matter. After-
wards, galactic rotation curve studies also supported

Zwicky’s idea (Roberts and Rots M; Ostriker et all
M; Einasto et all M; Rubin et all %When,
as a consequence of Inflationary Theory of

and others (m ; L ) 1hard
it became clear that the Unlverse must be ﬂat cosmol-
ogists became convinced that 96% matter content of
the Universe should be hidden mass. But, this simpli-
fied cosmological picture soon ran into trouble since, in
spite of an intense search, evidence in favor of such a
huge amount of dark matter was lacking. Theoretical
scientists then speculated that matter energy density of
the Universe cannot be more than one-third of the total
energy density and hence the remaining two-third en-
ergy denmti Should be compensated by a cosmological

constant (Turner Finally, observational result

for an acceleratmg Umverse (Perlmutter et all [1998;
_ ) favored the above speculation and the

idea of an acceleratlng agent, termed as dark energy,
was accepted.

Both dark matter and dark energy have played their
specific roles in different stages of cosmic evolution.
Dark matter had a significant role in the early Uni-
verse during structure formation because its nature is
to clump in sub-megaparsec scales. Although the ex-
act composition of dark matter is still unknown, COBE
and CMB experiments suggest that baryonic dark mat-
ter cannot be more than a small fraction of total dark
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matter present in the Universe (Sahni [2004). More-
over, observational constraint regarding neutrino mass
and relic neutrino density (Minakata and Sugiyama
2002; [Elgaroy et al! 12002; [Spergel et all 2003; [Ellis
2003) eliminate the possibility of hot dark matter. So,
cold non-baryonic dark matter which can clump on
small scales is favoured now (Sahni 2004). The Stan-
dard Cold Dark Matter (SCDM) model, introduced
in the early 1980’s, is presently disfavoured and it is
replaced by A-CDM model in the context of an ac-
celerating Universe. A-CDM model is found to be
in nice agreement with various observational results
(Tegmark et al! 2003) and as an advantage of assum-
ing a nearly scale-invariant primordial perturbations
and a Universe with no spatial curvature as predicted
by the Inflationary theory (Mukhanov and Chibisov
1981; |Guth [1982; Hawking [1982; [Starobinsky [1982;
Bardeen et all 1982). But, in the A-CDM scenario
the present acceleration of the Universe cannot be a
permanent feature because, structure formation can-
not proceed during acceleration.
cent works (Padmanabhan and Raychowdhury [2002;
Amendola 2003) show that the present accelerating
phase was preceded by a decelerating one and obser-
vational evidence (Riess [2001) also supports this idea.
So, the deceleration parameter must have undergone a
flip in sign during cosmic evolution.

Let us now move towards the cosmological constant
problem. There are actually two fine-tuning problems
with cosmological constant: (i) the value of A must
be 123 orders of magnitude and 55 orders of magni-
tude larger on the Planck scale (T' ~ 10! GeV) and
the electroweak scale (T ~ 102 GeV), respectively,
than its presently observed value, and (ii) the matter
and radiation energy densities of the expanding Uni-
verse fall off as a2 and a4, respectively, where a is
the scale factor of the universe, while A remains con-
stant. The only solutions to these problems is to as-
sume a dynamical character of constant A, especially
a time-dependent A which has decreased slowly from
its large initial value to reach its present small value
(Overduin and Cooperstock [1998). This idea of time-
varying cosmological constant A gives us a motivation
behind the present investigation.

Various dark energy models have been proposed
during the last decade or so (for an overview see
the works of |Overduin and Cooperstock (1998) and
Sahni and Starobinskyl (2000)). One of the favorite
candidates among these, obviously, are the models re-
lated to dynamic A term. In a recent work (Ray et al.
20074), equivalence of three dynamical A models viz.
A~ H%A ~id/a and A ~ p has been established and
in another work (Ray and Mukhopadyay [2007h) age of

In fact, some re-

the Universe is calculated using the same three A mod-
els. In this work, without taking recourse of any spe-
cific model, an overall study of accelerating Universe is
done. Importance of A for an accelerating Universe is
also revealed with special reference to the work of [Deb
(1999).

Although a large number of dark energy models with
both constant and variable A are found in the liter-
ature, the very phrase ‘varying speed of light’ itself,
in general, has a shuddering effect on mind owing to
the panic for collapse of the grand edifice of modern
physics through the breakdown of special and general
theory of relativity. This situation can be compared
with the idea of variation of the gravitational constant
G in the pre-relativistic era when Newton’s law of Uni-
versal Gravitation was the most precious jewel in the
kingdom of classical physics. The situation has been
reversed after 1905 and at present any idea about a
possible change in the speed of light ¢ is considered
as a mark of iconoclastic attitude. However, Michell
(1784) showed that a particular mass to radius ratio
of a star implies that the escape velocity of the star
would be equal to the speed of light. But the ear-
liest inception of the idea of changing speed of light
before the advent of special theory of relativity is due
to [Thomson and Taitl (1874). The relativistic era has
seen many ups and downs regarding the possibility of
variation of c¢. Although [Einstein (1911) and [Feynman
(1988) themselves were not afraid of thinking in terms
of a changing speed of light, [Eddington (1946) vehe-
mently opposed the idea of a variable ¢ by saying “A
variation of ¢ is self-contradictory”. In the 1930s, varia-
tion of ¢ came into limelight for providing an alternative
explanation of cosmological redshift [Stewart (1931);
Bud (1932); Wold (1935).

But, recent varying speed of light (VSL) theories
have a basic difference with the previous ones in the
sense that most of them are entangled with the hot
Big Bang model of the Universe. The first seminal pa-
per with this cosmological background is due to Moffat
(1993). In that (Moffatll1993) and in a subsequent paper
(Moffati 2002), Moffat has presented his VSL theory by
invoking the idea of phase transition which can solve the
horizon problem without taking recourse of the popular
idea of inflation. A major problem with the variation of
light speed is the violation of energy-conservation law
of special theory of relativity, viz. E = mc?, where c is
a constant although alternative derivations of this rela-
tion without making relativistic idea was shown to be
possible (Poincare|1900; Born1962). But, this problem
can be avoided if in Einstein field equations

Gij = kT, (1)



(where as weak field approximation x comes out as
87G/c*) only the energy component of Tj; is taken as
mc? then equation (1) comes out as

8rG'm

Gij =
J 02

(2)
The dimensionality of above equation (2) can be ac-
counted for through the component time-time of the
Einstein field equation for the tensor energy-momentum
of fluid perfect. It is clear from this equation (2) that ¢
is inversely proportional to the curvature of space-time
and for any departure from Q # 1, the speed of light
and the curvature term will adjust themselves so as to
make the Universe flat. So, from this point of view, the
variation in the speed of light is essential.

After observational evidence in favour of the red-
shift dependence of the fine structure constant « is es-
tablished (Web et all 1999, 12001; [Murphy et al) [2001;
Web et all 2003), VSL theories from various point of
view has come up. Since « is related to the veloc-
ity of light ¢ through the relation a = e2/hc (where
e is the charge of a proton and h is Planck’s con-
stant), variability of « implies variability of ¢ pro-
vided constancy of e and h is assumed. In dila-
ton theories, variation of ¢ is assumed (Bekenstein
1982; |Barrow et all 2001; |Olive and Pospelov 2001);
Sandvik et all 2002; [Bekenstein 2002; Martins 2002;
Uzax 12003), but VSL theories pinpoint on the varia-
tion of ¢ (Peres(1967; Barrow and Magueijol1998,(1999;

Albrecht and Magueijd|1999;[Barrow and Magueijo2000;8
Moffatil2002; Peres 2002) although in some cases (Magueijol]

2000) h is thought to be responsible for the variability
of a. So, it is quite natural to investigate the pos-
sible variation of ¢ in the context of the present ac-
celerating Universe, discovered through SN Ia obser-
vations (Perlmutter et all [1998; [Riess et all [1998). In
one such work, [Camare et all (2007) have investigated
the behaviour of two time-varying models of ¢, viz.
c(t) o< a=" and c¢(t) o« H* where a is the scale factor
and H is the Hubble parameter. The present work is
motivated by an intention to investigate analytically
the behaviour of a time-varying model of c.

In the first portion of the present investigation, with-
out taking recourse of any specific model, an overall
study of accelerating Universe has been done. Im-
portance of dynamic A for an accelerating Universe is
also revealed with special reference to the work of [Deb
(1999). In the second part, the question of constancy
and variability of the speed of light has been dealt in
the framework of the present accelerating Universe by
including a time-dependent A model in the field equa-
tions. In various subsections of Sections 2 and 3, the

role of A has been demonstrated without resorting to
any specific A model. In Secs. 4 and 5, respectively Ein-
stein’s field equations for variable ¢ have been solved
analytically by choosing a particular time-dependent
model of A and some salient features of the solution
have been discussed. Finally, some specific conclusions
arrived at from the present work have been presented
in Sec. 6.

2 Field Equations with Constant Speed of
Light

We know that Einstein’s field equation (including cos-
mological parameter A) are given by

S . A
RY = SRg" = —8nG {T“ - %g“] ; (3)

where the speed of light ¢ = 1 in relativistic unit and
hence is a constant quantity. For the spherically sym-
metric FLRW metric the above equation yield respec-
tively Friedmann equation and Raychaudhuri equation
given by

a\’ k 8tGp A
e — = + =,
a 3 3

(4)

a 4G A

(2)=-5C0rm g 5)

where A = A(¢) is time-dependent, k is the curvature

constant and a(t) is the scale factor of the Universe.
From the equation (4) we have

3 k 5 A
P—@(ﬁ”f‘g)' (6)
So, the present energy density is given by
3 k s Ao
e (a% +Hy 3 ) @

where the suffix zero indicates the present values of the
corresponding cosmological parameters. Again, the de-
celeration parameter ¢ is given by

ad 1 /a
=R (‘) ®)
Therefore,
g

E = —qHQ- (9)

Using the equations (9) and (6), we get from (5),



4

which, after simplification, provides the expression for
pressure given by

1 k
=——— |5 +(1—-2¢9H?—A|. 11
P=gog |+ (- 201 -] (1)
Thus, the present value for the pressure is given by
- ! k+(1 2q0)HE — A (12)
Pbo = 3nC a% do)tig 0] -

Let us choose the barotropic equation of state

p=wp (13)

where w is the barotropic index or equation of state pa-
rameter such that w = p/p. In general, w is a function
of time, scale factor or redshift but sometimes it is con-
venient to consider w as a constant quantity because
current observational data has limited power to distin-
guish between a time varying and constant equation of
state (Kujat 12002; Bartelmann et all 2005). However,
we shall see in Sec. 3.3 that assumption of w as constant
in time will provide interesting physical scenario.

For flat (k = 0) Universe, using equations (6) and
(11) in (13), we get
w:3QA+2q_1 (14)

3(1—Qa)

where Q) = A/3H? is the vacuum energy density of
the Universe.

Similarly, for flat Universe, equations (7) and (12)
can respectively be written as

a3
po = %(1 — Q) (15)
and

_ H§
Po = —%[(1 — 2q0) — 3924, (16)

where 25, is the present value of the vacuum energy
density.

From equations (14), (15) and (16) it is clear that
the fate of the Universe depends on ¢, Q5 and H (Fig.
1). Also it is clear from equation (13) that for physical
reality {2p, must be less than one. We also know that
the case pg > 0 provides a collapsing Universe. So,
equation (16) tells us that for a collapsing Universe, we
must have (1 — 2gp) < 3Q4,.

3 Physical Features of the Model

3.1 Calculation of p., pp and pg

An important quantity which determines the future of
the Universe is the critical density p.. The Universe is

open or closed according as the present density pg of
the Universe is less or greater than the critical density.
Since at present, the accepted value of the Hubble pa-
rameter Hy is (72 £ 8) kms™!Mpc~! (Kirshner 2003),
we may choose Hy = 72 kms ' Mpc~! for our calcu-
lation. For this value of Hy, we get p. = 3HZ/87G ~
9 x 10730 gem 3.

In one of our previous work (Ray et all 2007a) we
have shown that the three kinematical A models, viz.
A ~ (a/a)?, A ~ (d/a) and A ~ p are equivalent and
for these models, pg = 3 x 10730 gem 3. Also, the mea-
sured galactic mass density pg is given by [Deb (1999)
pc = 3.1 x 1073t gem™3. Therefore,

PG 0.033. (17)
Pe

Also,

po 1

From equations (17) and (18) we, immediately, obtain
pc ~ 0.1pg. (19)

It is clear from equation (19) that galactic mass density
is about 10% of the total mass density of the present
Universe. Hence, there must be some hidden mass.
Also, equation (18) implies that the present total den-
sity of the Universe is one-third of the critical density.
This means that galactic (luminous) mass-density is
about 3% of the critical density.
Again, the equation (7) can be written as

e L ny — 87G(pe = o). (20)
a 3

From equation (18) it is easy to see that py < p. and
hence (p. — po) > 0. Also, present observational results
indicate that, the Universe is flat (k=0). So, for a flat
Universe we must have

Ao = 81G(pe — po)- (21)

On the other hand, for a closed Universe, Ay >
87G(pe. — po) whereas for an open Universe, Ay <
87G(pe — po). So, the cosmological parameter is an
important factor for determining the geometry of the
Universe. Now, one of the predictions of the inflation-
ary theory is a flat Universe and A had a large value
in the early stages of the Universe. So, one may argue
that it is the cosmological parameter which made the
Universe flat during inflation.



3.2 Calculation of ¢g
For pressureless non-relativistic matter, p = 0. Then

from equation (12) we have,

k
— = Ao — (1 —2q0) H - (22)

a2

Using equation (22) in (7), we get

1
po = R(AO + 3q0HY). (23)
Therefore,
Po Ag
—C=2(QQ+3—I{3) :2((]0+QA0). (24)

Using equation (18) and noting that 2, is nearly
equal to 0.7 we get from equation (22) that qo is
about —0.53. This value of gy is in excellent agree-
ment with the present accepted value of this parameter
(Sahni and Starobinsky [2000) and represents an accel-
erating Universe. Moreover, [Deb (1999), without tak-
ing into account the cosmological parameter A, showed
that go must be positive (equation (6) of [Deb (1999)),
whereas inclusion of A has presented us a situation in
which we can suggest that ¢ must be negative. This in-
dicates the inconsistency of the result of[Deb (1999) and
the present work can be regarded as an improvement
over that so far as the present status of the Universe is
concerned.

It has been mentioned in the introduction that the
present cosmic acceleration has started only recently (a
few Gyr. earlier). Before this accelerating phase,the
Universe was expanding with deceleration. So, at the
turnover stage (from deceleration to acceleration), the
deceleration parameter ¢ must have changed its sign.
Let us try to find out this signature flip of q. Now,
equation (8) can be rewritten as

q=—<1+%>. (25)

If we assume A ~ H? then (25) reduces to

q-—(l—i—ﬁ) (26)

where C' is a constant. The above equation (26) tells
that when A is zero or A is a constant, then the Uni-
verse always accelerates with a constant acceleration.
It may be mentioned here that, by abandoning A, Ein-
stein obtained an expanding Universe while the same
expanding Universe was obtained by de Sitter for con-
stant A. But, when A/H? is a function of time, then
with a proper choice of the constant C, a signature flip
of ¢ can be obtained via equation (26).

3.3 Calculation of w

It is mentioned earlier that, as a simplest case it is
useful to model dark energy cosmology with a con-
stant equation of state parameter w (Kujat [2002;
Bartelmann et all 2005). However, some useful limits
on w was suggested by SNIa data, —1.67 < w < —0.62
(Knop et all 12003) whereas refined values come from
combined SNTa data with CMB anisotropy and galaxy
clustering statistics which is —1.33 < w < —-0.79
(Tegmark et all 2004). Therefore, let us calculate the
value of w as governed by the value of gy and 4, in
the present case. Putting ¢o = —0.53 and Q5 = 0.7
in equation (12), we get w = 0.044. So, if ¢o = —0.53,
then w > 0 and hence p > 0. Thus, the present acceler-
ating Universe may re-collapse in future if the present
value of the deceleration parameter is not greater than
—0.53. If g9 = —0.55, then we get p = 0 and hence
a dust-filled Universe. It should be also noted here
that for quintessence, vacuum fluid and phantom en-
ergy, the rate of acceleration should be higher. For
instance, when w = —0.5, —1.0 and —2.0 (note that for
their simulations [Kuhlen et all (2005) consider a range
of parameter space: w = —0.5, —0.75, —1.0, —1.25 and
—1.5) then we get respectively, go = —0.775, —1.0 and
—1.45. On the other hand, for stiff fluid (w = 1.0),
go = —0.1. So, more smaller the value of w, higher is
the rate of acceleration. This higher acceleration may
produce the so-called Big Rip (Caldwell et alll2003) or
Partial Rip (étefanéic’ 2004) scenario due to divergence
of scale factor. Figure 1 shows that throughout the
evolution of the Universe, the EOS parameter has as-
sumed negative as well as positive values including the
particular value 1 (stiff fluid). Moreover, according to
the figure, w assumes the value 1 when Q4 lies between
0.6 and 0.7. So, in the present paper, through an indi-
rect approach, it has been possible to arrive at the two
interesting physical ideas of modern cosmology men-
tioned above. An investigation with a time-dependent
w may reveal more interesting features.

4 Field Equations with Variable Speed of Light

The field equations with varying c are given by

9 9 kc?
.. LN\ 2
ai a kc? 9 8rGp

For flat Universe, k = 0 and hence, equations (2)
and (3) respectively reduce to

3H? = 87Gp + Ac?, (29)
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2(H + H?) + H? — Ac® = —Spr. (30)
Equation of state is
p =wpc?, (31)
where w is the barotropic index.
Let us use the ansatz
A = aH?, (32)
where « is a parameter.
Then, by using (31) and (32) in (30), we get
2H + 3H? — ac®?H? = —81Guwp. (33)
From (29) we get
(3 — ac®)H? = 87Gp. (34)
By using (34) in (33), we obtain
2H = —(3 — ac®)(1 + w)H? (35)
Suppose ¢ o< H~1, then
- %, (36)

where 3 is a constant of variation. Here we have as-
sumed a time-dependence of velocity of light quanta
photon such that ¢ = ¢(t) o« t. This ad hoc assumption
helps us to solve the differential equation (35) easily and
also yields interesting cosmological scenarios as can be
seen later on.

Hence the equation (35) becomes

2H aB? —3H?*)(1 +w)H>. (37)

1
“ !
For pressureless dust, w = 0 and hence equation (37)
reduces to

2H = (af* — 3H?). (38)

By solving equation (38), we get our solution set as

a(t) = ag [cosh\/ 30:52 t] ; (39)

ap is integration constant. It can be readily observed
that at cosmological time ¢ = 0 the scale factor becomes
a(t) = ap. This means that the present phenomenolog-
ical A-dark energy model is singularity free.

The other solutions for the different physical param-
eters are

H(t) = @ [tanh

3a3?
! t] | (10)

c(t) = \/g lcoth W t] , (42)

5 Physical Features of the Model

As can be seen, from the above solutions, we have

2
2
Qm—i-QA:l—i—%— [coth\/?)of t] . (45)

Then it is easy to see that as t tends to infinity, the sum
of matter and dark-energy densities approaches «/3.
For the present Universe, 2,4+ ~ 1 and hence o ~ 3.

Also, the value of the deceleration parameter ¢ is
given by

3
g=- |1+ —= |, (46)

2sinh /225

For physical validity, both @ and 8 must be non-
negative. Moreover, equation (41) shows that A is al-
ways positive irrespective of the values of the parame-
ters  and 3. This result is consistent with the present
accelerating Universe where a positive A acts as a re-
pulsive force to generate the acceleration. Since the
quantity within the bracket in the expression for ¢ is
clearly positive, so ¢ is always negative. Thus, we are
getting an ever-accelerating Universe without any sig-
nature flipping of ¢ unlike the modern accepted model
in which the Universe was decelerating in the past and
is accelerating at present (Fig. 2). But, that signature
flipping has been obtained already for a number of vari-
able A models of phenomenological character with con-
stant ¢ (Ray et al 2009; IMukhopadhyay et al! 2010).
It can be observed from the Fig. 3 that at the early
stage of the evolution of the Universe, the velocity of
light was greater than the present constant value. How-
ever, at the late stages, the value become exactly the



Fig. 1 The variation of equation of state parameter w with
respect to the vacuum energy density of the Universe (Q4)
and the deceleration parameter (g) of the Universe.

-1.24

~144/0
/

g -167

-18!

-2.0

Fig. 2 The variation of the deceleration parameter q with
respect to t for various values of § and fixed o = 3.01.

present accepted value. However, this affirmation is
valid only if Eq. (36) can be written in the following
form: 8 = coHyp, where ¢y would be the present speed of
light. This implies that variation in velocity of light is
not permitted for phenomenological variable A models
as also reported elsewhere by |Ghosh et all (2012).

6 Conclusions

The cosmological term A and the velocity of light ¢ are
two important quantities in the field equations of Ein-
stein. In the present work, their specific roles have been
studied for an Universe where dark energy and dark
matter are two major constituents. Though variability
of A is favoured by many workers for avoiding the cos-
mological constant problem, coincidence problem etc.,
yet the case of constant A cannot be entirely ruled out.
Hence, in the first part of the paper, the importance of
inclusion of the A term in the field equations has been
demonstrated in the context of the present accelerating
Universe without resorting to any particular A model
with special reference to the work of [Deb (1999).

In the next part of the present work, by choosing a
well known time-dependent A model, viz. A o H?, it
has been shown that the chosen model does not permit
the variability of the speed of light. Moreover, it has
been already mentioned in the Introduction that the
equivalence of the chosen model with other two phe-
nomenological A models have been shown by [Ray et al.
(2007a). This means that those two models also will not
permit any kind of change in the speed of light. Apart
from arriving at some specific conclusions regarding A
and c¢, the case of signature flipping of the deceleration
parameter ¢ and the crucial role of the equation of state
parameter w have also been discussed. These are two
other salient features of the present work.
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Fig. 3 The variation of the velocity of light ¢(¢) with re-
spect to t for various values of 8 and fixed o = 3.01.



References

Kirshner, R.P.: Science 300, 5627 (2003)

Ostriker, J.P., Steinhardt, P.: Science 300, 1909 (2003)

Shull, J.M.: Nat. 433, 465 (2005)

S. Ettori, S., et al.: Astron. Astrophys. 501, 61 (2009)

Zwicky, F.: Astrophys. J. 86, 217 (1937)

Roberts, M.S., Rots, A.H.: Astron. Astrophys. 26, 483
(1973)

Ostriker, J.P., Peebles, P.J.E., Yahil, A.:Astrophys. Lett.
193, L1 (1974)

Einasto, J., Kaasik, A., Saar, E.: Nat. 250, 309 (1974)

Rubin, V.C., Thonnard, N., Ford (Jr), W.A.: Astrophys.
Lett. 255, L107 (1978)

Guth, A.H.: Phys. Rev. D 23, 347 (1981)

Linde, A.: Phys. Lett. B 108, 389 (1982)

Albrecht, A., Steinhardt, P.J.: Phys. Rev. Lett. 48, 1220
(1982)

Turner, M.S.: Phys. Today April, (2003)

Perlmutter, S., et al.: Nat. 391, 51 (1998)

Riess, A.G., et al.: Astron. J. 116, 1009 (1998)

Sahni, V.: Lect. Notes Phys. 653, 141 (2004)

Minakata, H., Sugiyama,H.: Phys. Lett. B 567, 305 (2003)

Elgaroy, O., et al.: Phys. Rev. Lett. 90, 021802 (2002)

Spergel, D.N., et al.: Astrophys. J. Suppl. 148, 175 (2003)

Ellis, J.: Phil. Trans. Roy. Soc. Lond. A 361, 2607 (2003)

Tegmark, M., et al.: Astrophys. J. 606, 702 (2004)

Mukhanov, V.F.; Chibisov, G.B.: JETP Lett. 33, 532
(1981)

Guth, A.H., Pi, S.-Y.: Phys. Rev. Lett. 49, 1110 (1982)

Hawking, S.W.: Phys. Lett. B 115, 295 (1982)

Starobinsky, A.A.: Phys. Lett. B 117, 175 (1982)

Bardeen, J., Steinhardt, P.J., Turner, M.S.: Phys. Rev. D
28, 679 (1982)

Padmanabhan, T., Raychowdhury, T.: Mon. Not. R. As-
tron. Soc. 344, 823 (2003)

Amendola, L.: Mon. Not. R. Astron. Soc. 342, 221 (2003)

Riess, A.G.: Astrophys. J. 560, 49 (2001)

Overduin, J.M., Cooperstock, F.I.: Phys. Rev. D58, 043506

(1998)

Sahni, V., Starobinsky, A.: Int. J. Mod. Phys. D 9, 373
(2000)

Ray, S., Mukhopadyay, U., Meng, X.-H.: Grav. Cosmol. 13,
142 (2007)

Ray, S., Mukhopadyay, U.: Grav. Cosmol. 13, 46 (2007)

Deb, R.N.: Ind. J. Phys. B 73, 6 (1999)

Michell, J.: Phil. Trans. Roy. Soc. 74, 655 (1784)

Thomson, W., Tait, P.G.: Nat. Phil. 1, 403 (1874)

Einstein, A.: Ann. der. Phys. 35, 898 (1911)

Feynman, R.: QED: the strange theory of light and matter,
Princeton Univ. Press, p. 89 (1988)

Eddington, A.S.: Fundamental Theory, Cambridge Univ.
Press, Cambridge (1946)

Stewart, J.: Phys. Rev. 38, 2071 (1931)

Buc, H.: J. Franklin Inst. 214, 197 (1932)

Wold, P.: Phys. Rev. D 47, 217 (1935)

Moffat, J.W.: Int. J. Mod. Phys. D 2, 351 (1993)

Moffat, J.W.: Arxiv: hep-th/0208122 (2002)

Poincare, H.: La theorie de Lorentz et le principe de reac-
tion, Archives Neerlandaises des sciences exactes et na-
turelles, 2, 232 (1900)

Born, M.: Einstein’s Theory of Relativity, Dover (1962)

Webb, J.K., et al.: Phys. Rev. Lett. 82, 884 (1999)

Webb, J.K., et al.: Phys. Rev. Lett. 87, 091301 (2001)

Murphy, M.T., et al.: Mon. Not.Roy. Astron. Soc. 327, 1208
(2001)

Webb, J.K., et al.: Astrophys. Space Sc. 283, 565 (2003)

Bekenstein, J.D.: Phys. Rev. D 25, 1527 (1982)

Barrow, J.D., Sandvik, H.B., Magueijo, J.: Phys. Rev. D
65, 063504 (2002)

Olive, K., Pospelov, M.: Phys. Rev. D 65, 085044 (2002)

Sandvik, H.B., Barrow, J.D., Magueijo, J.: Phys. Rev. Lett.
88, 031302 (2002)

Bekenstein, J.D.: Phys. Rev. D 66, 123514 (2002)

Martins, C.: Phil. Trans. Roy. Soc. Lond A 360, 2681 (2002)

Uzan, J.: Rev. Mod. Phys. 75, 403 (2003)

Peres, A.: Phys. Rev. Lett. 19, 1293 (1967)

Barrow, J.D., Magueijo, J.: Phys. Lett. B 443, 104 (1998)

Barrow, J.D., Magueijo, J.: Phys. Lett. B 447, 246 (1999)

Albrecht, A., Magueijo, J.: Phys. Rev. D 59, 043516 (1999)

Barrow, J.D., Magueijo, J.: Class. Quantum Gravit. 16,
1435 (2000)

Peres, A.: Arxiv: gr-qc/0210066/| (2002)

Magueijo, J.: Phys. Rev. D 62, 103521 (2000)

Camare, C.S. et al.: Int. J. Mod. Phys. D 16, 433 (2007)

Kujat, J., et al.: Astrophys. J. 572, 1 (2002)

Bartelmann, M., et al.: New Astron. Rev. 49, 199 (2005)

Knop, R., et al.: Astrophys. J. 598, 102 (2003)

Tegmark, M., et al.: Astrophys. J. 606, 702 (2004)

Kuhlen, M., et al.: Mon. Not. R. Astron. Soc. 357, 387
(2005)

Caldwell, R.R., Kamionkowski, M., Weinberg, N.N.: Phys.
Rev. Lett. 91, 071301 (2003)

Stefanéi¢, H.: Phys. Lett. B 595, 9 (2004)

Ray, S., et al.: Int. J. Theor. Phys. 48, 2499 (2009)

Mukhopadhyay, U., Ray, S., Rahaman, F.: Int. J. Mod.
Phys. D 19, 475 (2010)

Ghosh, P.P., Mukhopadhyay, U., Ray, S.: Astrophys. Space
Sci. 337, 509 (2012)

This manuscript was prepared with the AAS IATEX macros v5.2.


http://arxiv.org/abs/hep-th/0208122
http://arxiv.org/abs/gr-qc/0210066

	1 Introduction
	2 Field Equations with Constant Speed of Light
	3 Physical Features of the Model
	3.1 Calculation of c, 0 and G
	3.2 Calculation of q0
	3.3 Calculation of 

	4 Field Equations with Variable Speed of Light
	5 Physical Features of the Model
	6 Conclusions

