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Late time acceleration in Brans-Dicke cosmology

S. Sen* and A. A. Sen†

Harish Chandra Research Institute, Chhatnag Road, Jhusi, Allahabad 211 019, India
~Received 25 October 2000; published 8 May 2001!

In this work we investigate the possibility of having a late time accelerated phase of the universe, suggested
by recent supernova observation, in the context of Brans-Dicke theory with a potential having a time dependent
mass squared term which has recently become negative and a matter field. We find that while a perfect fluid
~pressureless and with pressure! cannot support this acceleration, a fluid with dissipative pressure can drive this
late time acceleration for a simple power-law expansion of the universe. We have also calculated some
cosmological parameters in our model to match with observations.
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I. INTRODUCTION

A lot of activity has been triggered by two recent obs
vations@1,2# on the explosion of type Ia supernovae. The
data favor the existence of a new kind of matter with a po
tive energy density dominant in the present Universe and
also responsible for the present acceleration of the Univ
accounted for by its negative pressure. This, along with
observed location of the first acoustic peak of cosmic mic
wave background~CMB! temperature fluctuation corrobo
rated by the latest BOOMERANG and MAXIMA data@3,4#,
favors a spatially flat universe whose energy density is do
nated by a cosmological constantlike term. Obviously
first natural choice to represent such special matter is
cosmological constantL @5,6#. For a flat matter dominated
universe withL, havingVL;0.72 in Einstein gravity bes
fits the data sets. But the candidateL as the constituent o
the major energy density is troubled by the fact that it has
energy scale which is;102123 lower than the normal energ
scale predicted by most particle physics models. So to
some alternative candidate for this acceleration a dynam
L @7# in the form of a scalar field with some self-interactin
potential@8# is considered whose slowly varying energy de
sity mimics an effective cosmological constant. The idea
this candidate, calledquintessence@7#, is borrowed from the
inflationary phase of the early universe, with the differen
that it evolves at a much lower energy scale. The ene
density of this field, though dominant at present epoch, m
remain subdominant at a very early stage and has to ev
in such a way that it becomes comparable with the ma
density Vm now. This type of specific evolution, bette
known as the ‘‘cosmic coincidence’’ @9# problem, needs sev
eral constraints and fine-tuning of parameters for the po
tial used to model quintessence with minimally coupled s
lar field. A new form of quintessence field called ‘‘tracker
field’’ @10# has been proposed to solve the cosmic coin
dence problem. It has an equation of motion with an attr
torlike solution in a sense that for a wide range of init
conditions the equation of motion converges to the sa
solution.
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There are a number of quintessence models which h
been put forward and most of which involve a minimal
coupled scalar field with different potentials dominating ov
the kinetic energy of the field. A purely exponential potent
is one of the widely studied cases@11#. In spite of the other
advantages the energy density is not enough to make up
the missing part. The inverse power law is the other poten
@8–10# that has been studied extensively for quintesse
models, particularly for solving the cosmic coinciden
problem. Though the problems are resolved successf
with this potential, the predicted value for the equation
state for the quintessence fieldgQ is not in good agreemen
with the observed results. In search of proper potentials
would eliminate the problems, new types of potentials, l
V0@coshlf21#p @12# and V0 sinh(aAk0Df)b @6,13# have
been considered, which have asymptotic forms like the
verse power-law or exponential ones. Different physical c
siderations have led to the study of other types of potent
also @14#. Recently Sainiet al. @15# have reconstructed th
potential in context of general relativity and a minimal
coupled quintessence field from the expression of the lu
nosity distancedL(z) as a function of redshift obtained from
the observational data. However, none of these potentials
entirely free of problems. Hence there is still a need to id
tify appropriate potentials to explain current observatio
@11#.

Most of the studies regarding accelerated expansion h
been done with a minimally coupled scalar field represent
the quintessence. It has been recently shown by Pietro
Demaret@16# that for the constant scalar field equation
state, which is a good approximation for a tracker field so
tion, the field equations and the conservation equati
strongly constrain the scalar field potential, and most of
widely used potential for quintessence, such as the inve
power-law one, the exponential or the cosine form, are
compatible with these constraints. The minimally coupl
self-interacting models will also be ruled out if the observ
tions predict that the missing component of the energy d
sity obeys an equation of statep5gr with g,21(r>0),
and this sort of equation of state is in reasonable agreem
with different observations@17#. Also the inequality
dH2(z)/dz>3Vm0H0(11z)2 should satisfy for the mini-
mally coupled scalar field and its violation will certainl
point towards a theory of non-Einstein gravity such as sca
©2001 The American Physical Society06-1
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tensor theories where the scalar field is non minima
coupled to gravity.

There have been quite a few attempts at treating this p
lem with the nonminimally coupled scalar fields. Scaling
tractor solutions are available in the literature with the ex
nential @14# and power-law @14,18# potentials in
nonminimally coupled theories. Faraoni@19# has studied dif-
ferent potentials with a nonminimal coupling termcR(f2/2)
for the present acceleration. There have been different
proaches also for solving the problem in general scalar te
theory, sometimes calledextendedor generalizedquintes-
sence, not only because this theory is considered to be
most natural alternative to general relativity; there are ot
strong motivations@20# also. People such as Bertoloet al.
@21#, Bertolamiet al. @22#, and Ritiset al. @23# have found
tracking solutions in scalar tensor theories with differe
types of power-law potential. In another work, Senet al. @24#
have found the potential relevant to power-law expansion
Brans-Dicke cosmology. Like Sainiet al. @15#, Boisseau
et al. @25# have reconstructed the potential from t
luminosity-redshift relation available from the observatio
in the context of scalar tensor theory.

Very recently, McDonald@26# has investigated the poss
bility of modeling a dynamical cosmological constant with
scalar field which has undergone a very recent phase tra
tion. For this he has considered a standardf4 potential for
the scalar field with an additional time dependent m
squared term in the potential which becomes negative v
recently. For this kind of model, phase transition occurs v
recently at redshiftz<1.2.

In this paper we have investigated whether nonminima
coupled self-interacting scalar fields such as a Brans-Dic
~BD-! type scalar field with this kind of potential can su
cessfully drive the late time acceleration for the flat univer
In the context of the Brans-Dicke~BD! theory @27# with a
self-interacting potential and a matter field, the action
given by

S5E d4xA2gS fR2
v

f
fafa2V~f!1LmD ~1!

~we have chosen the unit 8pG05c51). We have chosen th
f4 potential with a time-dependent mass squared term wh
has already become negative after a phase transition in re
time @26#:

V~f!5lf42m2~ t !f2, ~2!

where

m2~ t !5m̄0
2S Rc

R D n

5
m0

2

Rn
, ~3!

m0
25m̄0

2Rc
n . l is a constant andn is an integer. The time-

dependent mass squared term with integern can arise natu-
rally in plausible models and one can find a detailed disc
sion in Ref.@26#.

As a matter field we would consider first a perfect flu
and then a fluid having negative pressure. An effective ne
12400
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tive pressure and hence an acceleration can be achieved
dissipative mechanism modeled commonly by fluid visco
ties. It has been proposed recently that the cold dark ma
~CDM! must self-interact in order to explain the detaile
structure of the galactic halos@28#. This self-interaction will
naturally create a viscous pressure whose magnitude will
pend on the mean free path of the CDM particles. An eff
tive negative pressure in CDM can also be created from c
mic antifriction which is closely related to particl
production out of the gravitational field@29#. Since the nega-
tive pressure can be modeled in different ways, we are na
priori assuming any specific model for this negative pr
sure.

In this work we find that it is not possible to have a la
time power-law accelerated expansion when the CDM i
perfect fluid, but a dissipative CDM fluid in BD cosmolog
with such a potential like Eq.~2! can successfully drive a lat
time accelerated expansion. In the next section we treat
field equations and find the solutions in both cases. We a
calculate some cosmological parameters to match the ac
erated model with observation. The third section is the c
cluding section where we have discussed different feature
this model.

II. FIELD EQUATIONS AND SOLUTIONS

The gravitational field equations derived from the acti
~1! by varying the action with respect to the metric is

Gmn5
Tmn

f
1

v

f2 S fmfn2
1

2
gmnfafaD

1
1

f
@fm ;n

2gmnhf#2gmn

V~f!

2f
, ~4!

where Tmn represents the energy-momentum tensor of
matter field. We have assumed the matter content of the
verse to be composed of a fluid represented by the ene
momentum tensor

Tmn5~r1P!vmvn1Pgmn , ~5!

wherer andP are the energy density and effective press
of the fluid, respectively, andvm is the four velocity of the
fluid, i.e., vmvm521. The effective pressure of the flui
includes the thermodynamic pressurep and a negative pres
surep, which could arise either because of the viscous eff
or due to particle production, i.e.,

P5p1p. ~6!

The wave equation that follows from Eq.~1!, by varying the
action with respect to the scalar fieldf, is

hf5
T

2v13
1

1

2v13 S f
dV~f!

df
22V~f! D . ~7!

For our choice of potential~2!, the field Eqs.~4! and the
wave Eq.~7! becomes, respectively,
6-2
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3
Ṙ2

R2 13
Ṙ

R

ḟ

f
2

v

2

ḟ2

f2 2
l

2
f31

m0
2

2Rn
f5

r

f
, ~8!

2
R̈

R
1

Ṙ2

R2 1
f̈

f
12

Ṙ

R

ḟ

f
1

v

2

ḟ2

f2 2
l

2
f31

m0
2

2Rn
f52

~p1p!

f
,

~9!

and

f̈13
Ṙ

R
ḟ5

r23~p1p!

2v13
2

1

2v13F 2lf41
nm0

2f2

Rn

Ṙ

R

ḟ

f

G .

~10!

We have assumed the standard Friedman-Robertson-W
metric with the signature convention (2,1,1,1) andR is
the scale factor. We restrict ourselves for the spatially
metric only. We work in the Jordan frame. One interest
thing about BD theory in the Jordan frame is that the c
servation equation holds for the matter and scalar field se
rately. Or in a slightly different way, the Bianchi identit
along with the wave Eq.~7! gives the matter conservatio
equation

ṙ13
Ṙ

R
~r1p1p!50. ~11!

We assume that both the scale factor and the scalar
evolve as the power function of time

R5R0S t

t0
D a

and f5f0S t

t0
D b

, ~12!

where the subscript 0 refers to the values of the paramete
the present epoch. In order to get an accelerated expan
for such evolution of the universe the deceleration param
has to be negative, which immediately restricts the param
a to be greater than 1. For such an expansion the solution
the matter density is

r5rct
b22, ~13!

where

rc5
3af0

to
b F2a1b~11a!2b2~11v!

22b G . ~14!

First we consider a normal perfect fluid with no negati
pressure i.e.,p50 in Eq. ~6!. Then, for the power-law evo
lution, the thermodynamic pressure of the fluid becomes

p5pct
b22, ~15!

where
12400
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pc5
~22b23a!f0

to
b F2a1b~11a!2b2~11v!

22b G .
~16!

The power-law solution is consistent with the field equatio
~8!, ~9!, and~10! only if

b52
2

3
and an2b52, i.e., an5

4

3
. ~17!

So the acceleration demandsn, 4
3 , and asn is a positive

integer, it restrictsn51 in our model. Again, from Eq.~13!
the weak energy condition (r.0) demands

v,3a2
5

2
. ~18!

From Eqs.~15! and ~13! it is clear that the perfect fluid
follows an equation of state of the formp5gmr. The index
gm is given by

gm5
22b

3a
21, ~19!

wheregm lies within the interval 0,gm,1. This restrictsa
within the range4

9 ,a, 8
9 . In fact, for the present matte

dominated universe (gm50), a5 8
9 . But this does not sat-

isfy the criteria for acceleration (a.1) and hence for a
simple power-law-type expansion the universe deceler
with a perfect fluid CDM (0<gm,1) with a potential~2! in
BD theory.

Now we consider a CDM which has a dissipative effe
and we are particularly interested in a present day unive
i.e, p50. Under such a condition Eq.~11! takes the form

ṙ13
Ṙ

R
~r1p!50. ~20!

As is mentioned earlier, this type of dissipative effect
Friedmann-Robertson-Walker~FRW! cosmology can be
modeled in two ways. Generally, the dissipative effect
accounted by conventional bulk viscous effect. In the FR
universe the bulk viscosity can be modeled within the fram
work of nonequilibrium thermodynamics proposed by Isra
and Stewart@30#. According to this theory the bulk viscou
pressurep follows the transport equation

p1tṗ523hH2
tp

2
S 3H1

ṫ

t
2

Ṫ

T
2

ḣ

h
D , ~21!

where the positive definite quantityh stands for the coeffi-
cient of bulk viscosity,T is the temperature of the fluid, an
t is the relaxation time associated with the dissipative effe
i.e., the time taken by the system to reach the equilibri
state if the dissipative effect is suddenly switched off. Co
sidering the divergence term in the square bracket to
small, i.e., (R3t/hT) to be constant, the equation can b
approximated to a simpler form,
6-3
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p1tṗ523hH. ~22!

In literature this is commonly described as a truncated v
sion of the full nonequilibrium thermodynamics. The visco
effects are assumed to be not so large as observation s
to rule out huge entropy production on large scales@31#.
Usuallyt is expressed ash/r so as to ensure that the visco
signal does not exceed the speed of light@32# and also
(tH)215n, wheren.1 for a consistent hydrodynamical de
scription of the fluid@33#. With these two assumptions Eq
~22! becomes

nH1
ṗ

p
52

3rH

p
. ~23!

In a very recent work Chimentoet al. @34# have shown that a
mixture of a minimally coupled self interacting scalar fie
and a perfect fluid is unable to drive the accelerated exp
sion and solve the cosmic coincidence problem at the s
time, while the mixture of a dissipative CDM with bulk vis
cosity along with a minimally coupled self-interacting sca
field can successfully drive the accelerated expansion
solve the cosmic coincidence problem simultaneously.

An effective negative pressure can also be created f
cosmic antifriction which is closely related to particle pr
duction out of gravitational field. In a recent paper Zimda
et al. @29# have shown that one can have a negativep if
there exists a particle number nonconserving interaction
side matter. This may happen due to particle production
of the gravitational field. In this case, the matter is of cou
not a dissipative fluid, but a perfect fluid with varying pa
ticle number. Though substantial particle production is
event that occurs in the early universe, Zimdahlet al. have
shown that an extremely small particle production rate
also cause sufficiently negativep to violate strong energy
conditions.

We do nota priori assume any specific model for th
dissipative effect, rather we only assume the existence
negativep. For a similar kind of evolution of the scale facto
and the scalar field given by Eq.~12!, the energy density for
the fluid with negative pressure is also given by Eqs.~13!
and ~14!. From Eqs.~20! and ~13!, one can easily find that

p5
~22b23a!f0

to
b F2a1b~11a!2b2~11v!

22b G tb22.

~24!

From Eq.~24! one can easily check that to have a negat
p, one should have 3a.22b which essentially meansa
. 8

9 . This suits the condition for acceleration as ana is
needed to be greater than 1 for that. One can also check
for this set of solutions given by Eqs.~12!, ~13!, and~24! and
from Eqs. ~23!, the conditionn.1 holds provided 22b
.0, which is very much true in our case. This is importa
for the hydrodynamical description if the CDM is assumed
be a conventional viscous fluid.

To have a clear picture of the expansion of the unive
and the missing energy, we further study the energy den
and pressure of the geometric scalar field. The express
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for the energy density and the pressure of the scalar field
be derived from the field Eqs.~8! and ~9! to be

rf5Fv

2

ḟ2

f
1

V

2
23

Ṙ

R
ḟG ~25!

and

pf5Fv

2

ḟ2

f
2

V

2
1f̈12

Ṙ

R
ḟG . ~26!

In the case of power-law expansion~12! and potential-like
~2! the energy density of the BD field becomes

rf5
af0

2t0
b H 3a1v1

5

2J tb22 ~27!

and pressure of the BD field is

pf5F2
a

2 S 3a1v1
5

2D1
2

3 S a1
2

3
v1

5

3D Gf0

t0
b

tb22.

~28!

The positivity condition for the scalar energy density d
mands

v.2S 3a1
5

2D ~29!

which eventually restrictsv beyond some lower value. S
essentially the two positivity energy conditions~18! and~29!
limit the range ofv within 2(3a1 5

2 ),v,3a2 5
2 . Clearly

a barotropic relation (pf5gfrf) is followed by the scalar
field, where the adiabatic indexgf is given by

gf5211

2

3 S a1
2

3
v1

5

3D
a

2 S 3a1v1
5

2D . ~30!

The range ofgf that agrees with the observational data a
describes the current acceleration for the universe wel
20.6.gf.21. One can adjust the value ofa andv so as
to get the required value ofgf . We now recast Eq.~8! in the
form

Vm1Vf51, ~31!

where the density parameters for matterVm and scalar field
Vf are defined to be~see Ref.@35#!

Vm5
r

3H2f
and Vf5

rf

3H2f
. ~32!

The expression for density parameters at present epoch

Vm05
r0

3H0
2f0

5
1

2
2

1

6a S v1
5

2D ~33!
6-4
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and

Vf05
rf0

3H0
2f0

5
1

2
1

1

6a S v1
5

2D . ~34!

Like gf , the value ofVm0 that suits best the luminosit
distance-redshift data for type Ia supernovas isVm050.28
and in a similar fashion likegf , one can adjust thea andv
value to get the required value ofVm0 that tallies with the
observation.

So fara is restricted only by the deceleration parame
that it should be greater than 1 for the universe to acceler
And the positivity energy conditions limitsv within the
range2(3a1 5

2 ),v,3a2 5
2 . So if a small value is chose

for a(;1), v is also restricted accordingly and a suitab
choice of both parameters can be made to find the allow
range ofgf and Vm0 that matches observation. Kaplingh
et al. @36# and others@37# have pointed out that for power
law cosmologies, high redshift data and present age of
universe restrictsa to a value'1. In a very recent investi-
gation we have found that the best fit value ofa with the
supernova Ia data for power-law cosmology is approxima
1.25@38#. Hence this small value fora restrictsv also to be
small. But this squarely contradicts the solar system bo
on v(.600). To accommodate such large value ofv, a
should be large. But for the large values ofa the universe
accelerates faster~almost like de Sitter expansion! and gf
asymptotically approaches21. It is quite unlikely that the
universe presently accelerates in such a high power-law f
ion and sucha values do not match with present observatio
We will discuss more about this point in the discussion s
tion.

We wish to find the range of the parametersa and v
allowable in our model, that suits the permissible range
gf and Vm0 of the quintessence proposals. In Fig. 1, w
have shown the allowed region in the (a,v) parameter space
~shaded portion in the figure! for the specified range o
gf (20.6.gf.20.8) andVm0 (0.5.Vm0.0.3), where
we have assumeda is small. It can be noticed that the a
lowable range of both the parametersa and v obeys the
constraints~18! and ~29! imposed on them by physical con
ditions.

A point to note here is that in BD theory the gravitation
coupling G varies inversely with the scalar fieldf. At
present timef approaches a constant valuef0, the inverse
of which gives the present Newtonian constantGN . In the
weak-field limit the present Newtonian coupling and t
asymptotic value off is related by

GN5
2v14

2v13

1

f0
. ~35!

The present day variation of the gravitational couplingG, is
Ġ/Gu05(2/3a)H0, whereH0(5a/t0) is the Hubble param-
eter at present. For any value ofa that allows acceleration
this rate is,10210 per year@39#.

Another important point to mention here is that tim
variation ofG does not directly affect the nuclear process
12400
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the early universe. But the expansion rate of the univers
this type of theory does influence the primeval nucleosynt
sis @40#. A fixed value for the parametera.1 for all epochs
implies that universe is always accelerating which seriou
contradicts the nucleosynthesis scenario. One way to a
such a problem is to considerv as a function of the scala
field f. In a recent work Banerjee and Pavon@41# have
shown that withv(f) one can have a decelerating radiati
dominated era in the early time and accelerated matter do
nated era in the late time. But in their case also,v has to be
small asymptotically to have a late time acceleration for
universe.

To analyze the nature of acceleration and our ansatz m
critically, it is interesting to match different cosmologic
parameters with observations. We intend to find the age
the universe and the luminosity distance-redshift relat
compatible with our model, probing the background dyna
ics, that could differentiate between different types of u
verse.

Since one of the main incentives for reconsidering
introduction of the cosmological constant was the age of
universe, we first consider the age of the universe sugge
in our model and the constraints imposed on it by obser
tions. Equation~8! can also be presented as

H25H0
2@Vm01Vf0#~11z!2/a, ~36!

wherez is the redshift defined by

11z5
Robserved

Remitted
. ~37!

From Eq.~36! we find the age of the observable universe
a given redshiftz is

FIG. 1. v vs a for 20.6.gf.20.8 and 0.5.Vm0.0.3.
6-5
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t02t5
a

H0~Vm01Vf0!1/2F12
1

~11z!1/aG . ~38!

Of course fort50, i.e., for infinite redshift, the age of th
universe ist05a/H0.

An old object observed at a certain redshift selects
models with at least that age at that given redshift. In t
respect, several age constraints have recently appeared
literature @42#. For example, the age of the radio gala
53W091 observed at a redshiftz51.55 puts a lower bound
of 3.5 Gyr at that redshift. The quasar observed atz53.62
sets a lower bound of 1.3 Gyr. In Fig. 2 we present a plo
the age of the universe as a function of redshift for vario
values ofa. Taking into account the range ofa, prescribed
by Fig. 1, our universe has an age limit oft0>15.5 Gyr.
From the figure it can be seen that all the universes with
minimum age limit, except that of Einstein–de Sitter on
always accommodate these constraints. Recently Pontet al.
@43# estimated the age of the universe to be 1462 Gyr,
which is in excellent agreement with our result.

Now we would like to trace the change of luminosi
distance with respect to the redshift in our model so as
compare it with the present data available. The result
reveals the so-called acceleration of the universe was
observation of the luminosity distance as a function of r
shift for type Ia supernovas, which is believed to be a st
dard candle. From almost 60 redshifts, 42 high redshift d
obtained by Supernova Cosmology Project and 18 low r
shifts observed by Calan Tololo Supernova Survey favo
universe with a positive cosmological constant. Assum
flatness in the context of general relativity, the best fit
these data occurs forVm050.28 andVl050.72. Optical as-
tronomers measure luminosities in logarithmic units, cal
magnitudes, given by

m~z!5M15 logdL125, ~39!

where M is the absolute magnitude anddL is luminosity
distance defined by

dL5R~ t0!~11z!r 1 ~40!

FIG. 2. Age~t! vs redshiftz for different a values.
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for an event atr 5r 1 at time t5t1. According to our ansatz
the expression fordL is

dL~z!5
~11z!

H0~Vm01Vf0!1/2E0

z

F~z8!dz8, ~41!

whereF(z)51/(11z)1/a.
In Fig. 3 we have plotted this luminosity distance vers

redshift for different values ofa. We see that for differenta
values, thedL is practically same for lower redshifts up t
z;0.4. At redshiftsz.0.4 the curves are separated, but
not distinctly separate to discriminate and rule out differe
types of the models. Therefore high accuracy measurem
with uncertainties at percentage level are needed in orde
cleanly distinguish the models and the need to go to redsh
sensibly higher than 1 is evident. In this respect it is ve
much relevant to mention that Supernova Acceleration Pr
~SNAP! is planned to make measurements with an accur
at percentage level up to redshiftsz;1.7.

III. DISCUSSION

This work investigates the possibility of getting an acc
erated universe in the context of the BD theory with af4

potential having a time-dependent mass squared term a
matter field. In this work we have not used the quintesse
field to trace the missing energy. The BD scalar field, wh
is a geometric scalar field, plays the role of dynamicalL and
provides that missing energy. It is found that for a simplis
approach of power-law expansion (;ta) a perfect fluid kind
of matter~both pressureless and with pressure! cannot sup-
port a late time acceleration of the universe, if the scalar fi
has the potential given by Eq.~2!. But a matter with a dissi-
pative effect can provide the acceleration that agrees with
observational data sets. The dissipative effect accounted
by the negative pressure can be modeled in two ways acc
ing to recent investigations@29,34#. Particle production out
of the gravitational field can give rise to negative press
while energy can also be dissipated by the bulk viscous

FIG. 3. Luminosity distance (dL) vs redshiftz for different a
values.
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fect between the CDM particles. In this work though no p
ticular model is considered for the origin of the negati
pressure, it is found thatn.1. This is important for a hydro-
dynamical description if the CDM is assumed to be a c
ventional dissipative fluid. We have also calculated differ
parameters like the time variation of gravitational couplin
age of the universe, and the luminosity-distance redshift
lation. All of these cosmological parameters agree quite w
with the recent observations.

The accelerated solution depends crucially upon two
rameters:a and BD parameterv, both of which are con-
strained by different physical conditions. Different combin
tions of a and v can produce the required values f
gf (20.6.gf.21) and Vm (;0.3) that tallies with
present observation suggesting acceleration. Smalla values
restrictv to small negative values and support the late ti
acceleration scenario quite successfully. The cosmolog
parameters calculated with the small value ofa agrees with
observations quite well. Many references@36,35,37# are
available in the literature where it has been shown that
value should be very close to 1 to be consistent with ob
vation. In one of our recent works@38# it is shown that for a
simple power-law expansion (;ta) of the universe, the bes
fit value ofa with supernova type Ia~SNIa! data is approxi-
mately 1.25, and due to Eqs.~18! and ~29!, this will restrict
v to a small value. But this clearly contradicts the so
system limitv.600. One should note that in our model,
large value ofv consistent with the solar system limit is n
restricted either by physical conditions such as positivity
energy density or by the requirements of specific ranges
gf or Vm consistent with the observations. Only the fact th
a is not large is the prediction of the data obtained so far
this constrainsv to small value. If future observations pre
dict large values fora then that can also be accommodat
in our model with a large value forv.

One should also note that, fora,1.33 which is consisten
with the present data, the dissipative pressure is not suffic
to drive the acceleration alone, and the BD scalar field al
with the dissipative pressure in the CDM drives the accele
tion whereas the BD scalar field plays the role of the miss
components of the universe.

It is also expected that after the phase transition, one
pectsf to roll down from f50 taking different values in
different directions causing large scale inhomogeneities.
it was argued by McDonald@26# that after this recent phas
in
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transition the universe will be filled by nontopological o
jects like ‘‘axions’’ whose radiusr f is much smaller than 10
Mpc causing these axions to behave like smooth dark ene
components.

The range ofv we obtained in our calculations in order t
fulfil different physical conditions and also to have corre
range of values forgf , a, and Vm is consistent with the
range obtained by other authors@24,38,41#. Also, it can be
seen in Fig. 3 that for different values ofv and a it is
difficult to distinguish between models up toz;1. Hence
our model is not very much fine tuned as far as the para
etersa andv are concerned.

It is also important to note thata remains constan
throughout the age of the universe. This essentially me
that the universe always accelerates fora.1, which seri-
ously contradicts the primeval nucleosynthesis scenario.
we have mentioned earlier, one way to overcome this pr
lem is to considerv to be function of the scalar fieldf @41#.
A choice ofv ~polynomial function off) can give a decel-
erating radiation era as well as accelerating matter domin
era. But then alsov asymptotically acquires a small negativ
value for an accelerating universe at late time. In most of
investigations done in scalar tensor theory@24,38,41# such
conclusions have been arrived. The only exception so fa
our knowledge is that done by Bertolami and Martins@22#,
where in Brans-Dicke cosmology with af2 potential, the
solution of an accelerated universe is obtained with la
uvu. But there the positive energy condition on both mat
and the scalar field have not been considered. There are
other evidences in literature where smalluvu has been sup-
ported. In the extended inflationary model by La and Ste
hardt@44#, the required value forv is 20. The structure for-
mation in scalar tensor theory also contradicts the so
system bound onv @45#. Thus the problem seems to appe
in different scales~astronomical and cosmological!. The
theory has been tested by experiments so far only in
astronomical scales and to our knowledge, no experiment
been done in cosmological scale as yet. And so the prob
occurs in finding the compatibility between astronomical o
servation and cosmological requirements. Consideringv to
be a variable to have both decelerating and accelera
phases at different epochs, while largev values occur due to
local inhomogeneities in astronomical scale to satisfy
solar system bound, can be a complete investigation and
give a satisfactory answer to this question.
ett.
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