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New Agegraphic Model of Dark Energy with Varying Gravitational Constant
in Flat Dvali-Gabadadze-Porrati Brane World M odel

Ayman A. Aly
Faculty of Science, Physics Department, Damnhouvéisity, Egypt

In the context of DGP universe, the new agegraptudel in flat FRW universe is studied. Considering ¥ariation of
gravitational constant, EoS parameter and G-cadedeceleration parameter q for betk 1 ande = - 1 branches of the
DGP model are obtained. Assumimgnlinear EoS parameter for phantom liquid, the coad# of cosmic acceleration
have been established. Moveg the correspondence betweeaw agegraphic model of dark energy and quintessand

chaplying gas models has been discussed.

1. Introduction

The explanation of the accelerated expansion of the
universe represents one of the most fundamental
questions in physics and cosmology today. This
fact, initially obtained using supernovae type $a a
reference sources [1,2], is nhow supported by more
recent supernova measurements [3] and confirmed
by a number of independent measurements [3-6]. It
is suggested that the main contribution in this
scenario comes from dark energy (DE).

The simplest candidate of dark energy is a tiny
positive cosmological constamt with a constant
equation of state (Eo®) = -1 [3, 4], the value of
this cosmological constant is very small as
compared to quantum field theory. However, as is
well known, it is plagued with the cosmological
constant problem (the fine-tuning problem) and the
cosmological coincidence problem. Therefore,
many alternative dark energy models such as the
quintessence [7,8], phantom [9,10], quintom
[11,12], K-essence [13,14], tachyon [15,16], and

ghost condensate [17,18] have been proposed.

However, none of these models is very successful.

Some models, which are constructed based on
fundamental principles, are more preferred as they
may exhibit some underlying features of dark
energy. The two examples of such kind of dark
energy models are the agegraphic [19,20] and
holographic [21-23] models. Although many
dynamical dark energy models have been
suggested, the nature of dark energy is still
unknown.
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Holographic principle [23] attracted many
scientists to solve problems of cosmological
constant and DE. According to this principle, the
degree of freedom in a bounded system should be
finite and it scales with its boundary area but not
with its volume.

Cohen et al. [22] proposed a relationship
between ultraviolet (UV) and infrared (IR) cut-offs
due to a limit set by the formation of a black hole
i.e., L’ p. < LM,% Herep, is the vacuum energy
density associated with UV cut-off and L is the IR
cut-off. The largest L allowed is the one satumtin
this inequality, thus

py=3c"MjL? (1)

For convenience, we introduce the numerical
constants: Jtand Ms 2 = (8G), the reduced
Planck mass. Holographic dark energy model
(HDE) has been used to investigate the cosmic
evolution by different people [14].

In this paper, we will focus on what is called
new agegraphic dark energy model (NADE), which
takes into account the uncertainty relation of
guantum mechanics together with gravitational
effect of general relativity. What attracts us to
study (NADE) is the fact that this model has the
same number of parameters as theold-dark-
matter A\CDM) model, which is less than other
dynamical dark energy models.

This paper is organized as follows. In Sec. 2,
we describe the NADE and DGP models. In Sec. 3,
we derive the mathematical formulas for some
parameters in our interacting model. In Sec. 4, the
acceleration condition for our model in phantom
liquid case is established. In Sec. 5 corresporelenc
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with some scalar fields is considered. Finallyhia t
last section conclusions are given.

2. Basic Equations

2.1.  New agegraphic dark energy model
(NADE)

The NADE model is constructed in the light of the
Karolyhzay relation and the corresponding energy
fluctuation of space time. The energy density ef th
new agegraphic dark energy is given by [19]

pa=3n"Moy™ @

Where, n is a numerical parameter apds the

conformal age of the universe, which has the form
[20]

p= 2=y 2

a Ha?

©)

Where, a is the scale factor and ld#a is the
Hubble parameter. Here, we consider the derivative
with the cosmic time. The dark energy density
(Eqn. (2)) has the same form as the holographic
dark energy density in Egn. (1), just the conformal
time is used as IR cut-off instead of future event
horizon distance of the universe.

In order to assume the momentum energy
conservation laws, the total energy dengpitynust
satisfy the following continuity equation [23]

p +3H1+w)p=0 4)

Where,w= plp is the total E0S parameter.

In most investigations, dark matter DM and DE
are considered as independent
However, there is no reason to neglect interactions
in the dark sector. Including the possibility of a
coupling between DM and DE is the most general
case and gives rise to a richer dynamics [24]. That
way the continuity equation could be split in the
following way

P, +3H1+w, )p,=-Q (5
P +3Hp,, =Q (6)

Where, p, and p,, are the energy densities of DE
and DM, respectively, and Q representing the
interaction term.

substances.
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Assuming that the critical densipy = 3 M,?H?
[23], one can define the fractional energy density
for DE, matter and curvature as follows

_ 8mnG,

9= @)
8nnG

Q= (8)
k

Q= )

K a?n2

Recent observation shows that the curvature
fractional energy density V¥ 0.02 [25], that way
one can assume that the space time is flat.

Using Eqn. (2), one can write Eqn. (6) as

2

Q= 2H? (10)
This leads to
n
n= (11)
H.,Q,

This is the conformal time in terms of fractional
energy density of DE.

2.2. Dvali, Gabadadze and Porrati model
(DGP)

Dvali, Gabadadze and Porrati (DGP) braneworld
model has been considered as a model that could
modify gravity because of the existence of extra
dimensions. This model assumes that we are living
on 4D brane world in a 5D extra-dimensional bulk.
All particles and standard model forces are pinned
onto the brane world, only gravity can explore into
the 5D bulk. It appears in large scale as weakening
of gravity on the brane. Moreover, the DGP model
can solve the cosmological constant problem,
because gravity in 5D bulk is screened into 4D
brane [26].

Within the framework of the Friedmann-
Robertson-Walker (FRW) cosmology, the line
element for non-flat universe is given by [27]

2
ds? = —dt? +a(t) x(ld%+ r2(do? + sin%0dyp? )J
r

12)
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Where, the sign function of the curvature parameter
k takes values +1, 0 and -1 for positively curved,
flat and negatively curved spatial section,
respectively.

If we consider a non flat universe containing
agegraphic dark energy and dark matter, the
corresponding Friedmann equations [28]

H?+

K _
==

a® 3Mmj

(it Pm) (13)

Using Eqgns. (7) to (9), Eqn. 13 could be written
as
Q,+0,+Q =1 (14)
The modified Friedmann equation in the DGP
model relates the evaluation of Hubble parameter

to the matter-energy content. For a self-accelegati
universe, one can write [29]

p
(16)
2m3

le

This is the cross-vector scale, which determines th
transition from 4-dimension to 5-dimension and
=+1 and -1.

The modified Friedmann equation (15) could be
written in terms of the red shift [1]

H%(z)= H?{Qk(luf{\/ﬁ_m + J9r0+9m(1+z)3j2}

17)

Where the red shif1+z= %, the effect of a finite

re compared with Hubble parameter, could be
written as a dimensionless parameter

1

Q =——
© ar2n?2

(18)

By setting z=z0 in Eqn. (17), one finds the
normalization condition

413

2
1:( Qrc+vgrc+9m) +0Qy (19)
Where, Q,, and Q, are given by Eqgns. (8) and (9)
respectively.

Due to the central role played by the crossover
factor, it is important to recast the impact r. as

an effective dark energy component.

By defining @, same way aQ,, the ordinary
condition (Eqn. (14)) is applied and by comparing
it and Eqn. (19), one can write the relation betwee
density parametelQ, and Q, as [29]

Q4= 202c(1-9y) (20)

3. Interacting Model in Flat Universe

Observations of the cosmic microwave background
demonstrate that the universe is very nearly flat.
So, from now we assume that we are dealing with
flat space-time problem, thus bdttand o, are set

to be equal zero. The NADE energy density in Eqn.
(2) could be written as

_3n®
Pa= - n

(21)
By taking the derivative of Eqn. (21) with respect
to the cosmic time and by using Eqn. (11), one
finds

=-pyl —t+t—— 22
P4 PA[ G na J (22)
Since G = dGdx (where x = In a), we derive
2,/Q
pa= —PAH[AG“Ln—aAJ (23)

Where 4G=G /G.
Assuming that the interaction term [30] in Eqgn.
(5) is taken to be
Q=3d’Hp, (24)
Where, d parameter is the coupling constant and
the selection of its square leads to the conditibn
decay from DE to DM. We derive an expression

for the Eo0OS parameter in the interacting
phenomenon of NADE with DM as
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2.0
0= -1+d? - 1| yg -4 (25)
3

na

From Eqn. (7), we obtain
n [H . 9

e B

Using Egn. (3), it is easily seen tty=1/a and
thus one can write Eqn. (25) as

1 n H- Qy
—_= = —_—t 27
a /QA{HZ ZHQA] 27

. . de .
Since @, = d—A: %Q'A we derive
X

Q,=-20, [i+ V2 j (28)

H 2 na

For flat geometry k=0) the DGP Friedmann
Eqgn. (15) can be rewritten as

2
H2= (8th+i2)+gi
3 4rc ZFC

_ 1 p & 1 P 1
= || —+ +— || —+ +—
4 3Mm5 | 2\ 4z 3mE ) 4

(29)

- >>i2 , the

VS

ordinary Friedmann equation is recovered.
Depending on the sign of e, the cosmological

solution of Eqgn. (29) has two different regimes:

| - For [1=+1 (DGP(+)) [31] one finds

For the early universe

414
He=1, 2 (30)
2 3M%
Adding Eqgns. (5) and (6) we obtain
p = =BHpm* ps(1+ wy)) (31)

By taking the derivative for Egn. (30) and by using
Eqgn. (31) we obtain

H' = (162M£ YGG ~8rn (pm+ p(1+ w,))
8 ' (32)
+ gﬂ(Pm"' p4)G

Using Egns. (7), (8), (16) and (30), it is possible
to write Eqn. (32) as

%: AGL- 32+ 24)) - 3@+ 24(1+ w,)) (33)

Assuming flat universe Eqn. (19) takes the form
121 =2 + Oy (34)
By re-arranging and expanding Eqn. (34), we get
Qn=1-2/9Q, (35)

Here we ignored the higher order terms. Inserting
Eqgns. (25), (35) in (33), we finally obtain

%: —2AG(1+ Q —3\/5)_:{1_2 Qrc)
opesm]

na

From Eqgn. (28) and by substituting Eqn. (36), it
is possible to write

Q,=20, 2AG(1+ Q, —31/Qrc)+ 3(1—2 Qrc)+ QA[3d2+ﬂ}—@] (37)

For completeness, we also derive the deceleration

parameter [23] g as

q=-1- el (38)

na na

From Eqgns. (36) and (38), one finds
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q= -1+ 2AG(1+QA —3\/_Q_rc)+ 3(1—2 Qrc)
+ QA[3d2+£] 39)

na

The DGP(+) branch gives a solution for late times,

even when no matter is present on the brane and
thus one can consider this branch as a self-

accelerating branch. To explain the observed
acceleration, one requirir, =H;1, whereH, is

the present value of Hubble parameter. Recently,
many observations have been conducted to confirm

the self acceleration [32,33].

Il - For 0 = -1(DGP(-)) in Egn. (29) and by
expanding in terms lpI’CZ/M% <<1 one finds at
lowest order

H = Ple

: (40)
3M )

By using Eqn. (16) in Eqn. (40), we obtain

ol o]
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(41)

Now, by taking the derivative of Eqn. (41) and
then using Eqn. (31) and Egn. (16), we get
H =3 H3(Qn+ 2,(1+ w,)) (42)

Thus, using Eqns. (7), (8), (25), (35) and (40him
above equation, we get

ool

na
H _ .

H2 L-2/0. +2,)

(43)

From Eqgn. (28) and by substituting Eqn. (43), it
is possible to write

\

Q,=-20, f

In the same way as done earlier, we find the
deceleration parameter as

ol ]

na
q= -1- 7 \

L-2/0. +2,)

(45)

DGP(-) represents the normal branch of the DGP
model that requires a dark energy component to
accommodate the current observation.

The evaluation of the non interacting model can
easily be done by setting tlleparameter equal to
zero in Egns. (36), (37), (39), (43), (44) and (45)

(1—2\/Q_m+ QA) na

(44)

4. Phantom Liquid in DGP Space
4.1. Non-linear equation of state of phantom
liquid
We assume that our universe can be conveniently

described by a field giving rise to phantom energy
liquid, which obeys a non-linear equation of state

P=~p fl (46)

Where f(p(is a non-linear function p, which is
assumed [32] to take the following form

flo(= Ap* (47)

Where, o is a real number and is a coupling

constant of dimensic(massf™* .

For DE dominated case, by substituting Egns.
(46), (47) in Egn. (5) one finds
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Py = 3HAY ~3d?Hp (48)
Now, by inserting (48) in (23), we obtain
2(Q
A={d2_1[46+—AHP1—a (49)
3 na

This is the derived coupling constant value in
interacting case. Settirdy= 0 in the above equation
one finds

2,0
A:-{E[AG+——4LHpP“
3 na

The above Eqn. (50) represents the valué &ér
non-interacting case.

(50)

4.2 Cosmic acceleration condition in DGP
brane cosmology

The condition for accelerating expansion [31] is

H+H?>0 (51)
Assuming flat space and by taking the first
derivative of Eqgn. (13) with respect to the cosmic
time and then inserting in Egn. (51), one finds

1
—6M—2(p +3p)>0 (52)

p

This is the acceleration condition for standard
cosmology, which implies p <pf3. This condition
will be modified in DGP cosmology with varying
gravitational constant, let us consider the two DGP
branches.

Usincw= plp and by applying Eqn. (46) in Eqn.
(4), one finds

p' = 3HAY" (53)

| - For DGP (+) model, by taking the derivative of
Eqgn. (30) yields

H'=i24!G+—A2 pt+ 5 pAG (54)
ré My 3M7p

So, one can write

416
H-+H2=i%u4+n+—f%p“+ 12pMG+2)
r M
c p p
(55)

Inserting this equation in acceleration expansion
condition (Eqgn. (51)), one finds

H+H?= iZ(AA+1)+i2p“+ 12 p(UG+2) |>0
ré Mp )
(56)
That implies
<V
p(2+ 4G)+3Ap% > - (1+ 4G) (57)

re

The above is the cosmic acceleration expansion
condition for non linear phantom liquid in DGP(+)
universe.

Il - For DGP (-) model, by taking the derivative of
(40) yields

H=—* = At (58)

7ﬁM§j

That way one can write
H+H2= 1 Z (59)

+1 1
Y A )

Inserting this equation in acceleration expansion
condition (Eqgn. (52)), one finds

Ho+H2=| — 1 a1 2050 (60)

1
isf i
That implies that

(61)

This is now the cosmic acceleration expansion
condition for non linear phantom liquid in DGP(-)
universe.

5. Correspondence with Some Scalar Fields
Models

In this section, the correspondence between NADE an
two important scalar fields, namely quintessencd an
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chaplying gas model is established. In this studyshall
consider the contribution of the matter to complete
analysis. This correspondence could be achieved by
comparing the NADE-density with those of the scalar
field and consequently equating EoS of the scédddd

with that of NADE.

5.1.  Agegraphic quintessence model

The basic idea of quintessence is that the DE is in
the form of a time varying scalar field, which is
slowly rolling down towards its potential minimum
and it leads to late time acceleration of the
universe, the quintessence is then described in
terms of the following action [34]

S= Jd“xﬁ[—%gwa#wavw—qu (62)

The pressure density and energy density of the
model are given by

1 2
P =20 ~Vi) (63)
1 2
Pq=50 V() (64)
EoS parameter is given by
2 2V
. = 402 —2V(p) (65)
9 +2V(p)

2
Then one getwg < -1, for = < 2V(p).

By comparing the EoS parameter of the
quintessence scalar field (Egn. (65)) and that of
new agegraphic model of dark energy (Eqn. (25))
and by using Eqn. (5), it is possible to write

2

g =+ o), (66)
1
Vip(= E(l_w/l P4 (67)
Consequently, one finds
2 |5 _1 _ 2|2,
9 = [d 3[46 na HPA (68)
Vip(= {2—(12 +E[AG —Z—VQAH”—A (69)
3 na 2
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Using Eqgn. (69), one finds

p = ﬁ‘/(dz -%[AG - Z@DM (70)

Finally, by integrating the above equation one
can find the evaluation of the quintessence scalar
field as

a /0
p@)-p@,) = J%J[dz—é[ae— naA Dm

a,
(71)
Where, a, is the present value of the scale factor,

which is the interaction evaluation of the model
and hence the results.

5.2.  Chaplying gas

This fluid also leads to the acceleration of urseer
at late times. Its simplest form [33] is given by

(72)

A
p:—_
p

Where,A is a positive constant. We recall that for

tachyon p = -V2(g)p. That way, one can say that

chaplying gas is a special case of tachyons with
constant potential [33]. Following string theory

[27,35], the homogeneous chaplying gas can be
described using the pressure and energy densities

by

2
pe=20" V(@) (73)
o 2
pe=0 *V(P) (74)
One can write Eqn. (10) as
we=Pe= -2 (75)
Pc P

By comparing the EoS parameter of the chaplying
gas (Egn. (75)) and that of new agegraphic model
of dark energy (Eqn. (25)), one can deduce

20
A= -p?| -1+d? -1 4o -4
3 na

(76)
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Using Eqgns. (73), (74) and (75) one finds
2_1
= ;(1+ ® )04 (77)

By substituting Eqn. (25) in Eqgn. (76) and using th
factthaty = ¢ H one obtains

]

In the same way as in previous sections, one finds

pa)= | 98 |pal e 1 o A9
o(a) co(ao)—i aH‘/U[d 3[46 — H

(79)

The above equation gives the interacting chaplying
gas evolution.

6. Conclusion

In this work, we have investigated the dynamics of
G-corrected interacting NADE in which the
geometry of the universe is described by a 3-
dimension brane embedded in 5-dimensional bulk
space, namglthe DGP flat model. The DGP brane
world is like general relativity in early times bitit
just modifies the dynamics in late times. Using th
expression of NADE energy density, the EoS
parameter,Q, and the deceleration parametgr
are established for the DGP two regimes, the extra
dimensional gravity in DGP(+) propose late times
acceleration as a result of the gravitational lgaka
from 3-dimension to 5-dimension Hubble distance.
While, the DGP(-) represents the normal branch of
the DGP, it shows that the universe expands
slower than standard cosmology. The universe
acceleration condition is calculated for phantom
liquid in DGP space also for DE dominated case
using a formula for non linear coupling constant

is deduced.

Moreover, due to the importance of scalar field
models, which are regarded as a source for DE, the
correspondence with the model is established. This
correspondence plays an important role in our
understanding of how different candidates of DE
can be related to each other. Scalar fields show an
important characteristic in explaining phantom
crossing.
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