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It appears that having our own brane to somehow interact with other branes could give rise to quite an interesting system and that
interaction could lead to some observable effects. We consider the question of whether or not these signatures of interaction
between the branes can be observed. To answer this question, we investigate the effect induced by the inflaton in the WMAP7
data using the warm inflationary model. In this model, slow-roll and perturbation parameters are given in terms of the inflaton
thermal distribution. We show that this distribution depends on the orbital radius of the brane motion under the interaction
potential of other branes in extra dimensions. Thus, an enhancement in the brane inflation can be a signature of an orbital
motion in extra dimensions, and consequently, some signals of other branes can be detected by observational data. According to
experimental data, the N =50 case leads to ny=0.96, where N and ng are the number of e-folds and the spectral index,
respectively. This standard case may be found in the range 0.01 <R <0.22, where Ry eor scalar 15 the tensor-scalar ratio.

We find that at this point, the radial distance between our brane and another brane is R = (1.5GeV) ™ in intermediate and R =

tensor-scalar

(0.02225GeV) ™" in logamediate inflation.

1. Introduction

Recently, it was argued that the boundary conditions to be
imposed on the quantum state of the whole multiverse could
be such that brane universes could be created in entangled
pairs [1]. Also, the consideration of entanglement between
the quantum states of two or more brane universes in a mul-
tiverse scenario provides us with a completely new paradigm
that opens the door to novel approaches for traditionally
unsolved problems in cosmology, more precisely, the prob-
lems of the cosmological constant, the arrow of time, and
the choice of boundary conditions, amongst others [2]. Some
authors have tried to find direct evidence of the existence of
other brane universes using a dark energy model [3, 4]. Also,
some researchers show that other branes are made observable
for us through interaction with our own brane [5]. In their
paper, the orbital radius of our brane in extra dimensions

can be described according to the interaction potential of
other branes. In some scenarios, the properties of the interac-
tion potential are calculated for a composite quantum state of
two branes whose states are quantum mechanically corre-
lated [1, 2]. It appears that having our own brane to somehow
interact with other branes could give rise to quite an interest-
ing system and that interaction could lead to an orbital
motion in extra dimensions.

This scenario is very close to the well-known DGP model.
Dvali et al. [6] proposed a new braneworld model, named the
DGP model, having two branches. One branch is known as
the accelerating branch, i.e., the accelerating phase of the uni-
verse can be explained without adding a cosmological con-
stant or dark energy, whereas the latter one represents the
decelerating branch. In this paper, we generalize this model
and show that by the acceleration of branes, some extra fields
emerge. These fields dissolve into branes and lead to inflation.


https://orcid.org/0000-0001-5350-6396
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/3963279

For this reason, these fields could be considered candidates
for inflation.

The main question is the possibility of considering the
properties of other branes against observational data. The
warm inflationary model helps us to perform precision tests
of the universal extra dimensional models and explore the
new physics against observational data. In this scenario, after
the period of inflation, the radiation of the universe becomes
dominant and the reheating epoch will not happen. The
results of this model are compatible with the WMAP7 and
Planck data [7]. In this theory, slow-roll and perturbation
parameters are given in terms of the thermal distribution of
the inflaton. On the other hand, this distribution is given in
terms of the orbital radius of the brane motion [5] in extra
dimensions. As the interaction potential increases, the effect
of the inflaton radiation from the horizon that appears in
the brane-antibrane system on the universe’s inflation
becomes systematically more effective because at higher
energies, there exist more channels for inflaton production
and its decay into particles.

The outline of the paper is as follows. In Section 2, we
consider the effect of the orbital radius of the brane motion
under the interaction potential of the other branes on the
thermal distribution of inflatons. In Section 3, using the
warm inflationary model, we analyze the signature of other
branes against observational data. The last section is devoted
to a summary and conclusion.

2. The Thermal Distribution of Inflatons near
the Appeared Horizon in the Brane-
Antibrane System

Previously, the dynamical behavior of a pair of Dp and anti-
Dp branes which move parallel to each other in the region
that the brane and antibrane annihilation will not occur
was considered [5]. Also, the orbital radius of the brane
motion due to the interaction potential in extra dimensions
was studied. Using these results, we calculate the thermal dis-
tribution of inflatons near the horizon that appears in the
brane-antibrane system and show that the thermal distribu-
tion of inflatons can be given in terms of the orbital radius
of the brane motion in extra dimensions.

The d-dimensional metric in the brane-antibrane system
is expressed as

ds* = Gy dxtdx” + g, dxPdx’ + gpdx"dx’, (1)

where g, and g,,, are the p-dimensional metrics along the
Dp and anti-Dp branes, respectively, and g,, is the (d-2p)
dimensional metric along the transverse coordinates.

Now, let us consider the wave equation of the inflaton in
extra dimensions between two branes:

0? 0?
R
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where x and r are the transverse coordinates between the two
branes. This equation corresponds to flat space-time. The
interaction potential between the Dp brane and the anti-Dp
brane in extra dimensions is of the type [5]

64’y
VR~ 22 3)

where u*=(27/321%)T;h*, h(R)=b*/R*, R is the orbital
radius distance between the two branes, T the brane tension,
and b the curvature radius of the AdS; throat. This potential
leads to curved space-time.

There are more models for interbrane potential; however,
we make use of a symmetric model to explain the interaction
between two parallel and similar branes. This helps us to
understand the model better, and we could generalize it by
adding more corrections due to the nonsymmetric part of
potential. However, this is not the main thrust of this work.

Thus, to write the inflaton wave equation in curved
space-time, we should use the following reparameterizations:

r— p(r, X),
(4)
X —1(r x)>

that lead to the following inflaton wave equation:

(EREIERCRGIE

We can normalize the distance between the two branes to
unity by making the following choices:

.
R(x

p(rx) =

~—

With the above considerations, the wave equation is writ-
ten as

0" s |90 g |B=0

where x*>=71 and x*=p, and the metric elements are

obtained as

G
g B2 \R

1+ (Rz/c2>p2
1- (R/c)p?

1- (Rz/cz)p2

44 _
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The horizon of this system is located at

cR

Thorizon = E > (9)

where c is velocity of light. In Kruskal coordinates, the metric
of the system becomes [8, 9]

ds* = G @xt'dx" + g, dxP dx”

e ( r/ Thorizon )

— 1= 2
~ Thorizon ————— dudv + r*d6?,
r
u= _zrhorizoneiulzrhmim" V= _zrhorizon67V/2rhnrizon’
o _ * ¥ _
U—X r ,V—X+r > ro=-r rhorizon 1n|r rhorizon|'

(10)

Since the Killing vector in Kruskal coordinates is given by
0/0u on the past horizon H~, the positive frequency normal
mode solution in Kruskal coordinates is approximated by

Boce ™4 (11)
where w is the inflaton energy in extra dimensions. Using this

fact that v =0 on H™ [9], we can estimate the original positive
frequency normal mode on the past horizon as

= —127} o rizon @
L u| horizon
B o< e*lwu — ( | )
2rh0rizon

(_a/zrhorizon)_izrhorimnw (regiOn I)) (12)

_ —i2r ) .
(_u /Zrhorizon) 2T horizon "horizon ( region H).

In Equation (12), we can use the fact that (—1) " hoien®
= ¢?Mmorzon® Using Equation (12), we observe that the inflaton
states in the horizon satisty the following condition [9, 10]:

. =0
in®out >

(13)
tanh Ty = efzrhonzonw’

(Byy — tanh r B; )|system)

out win

which actually constitutes a boundary state. In fact, we can
view Hawking radiation as the pair creation of a positive
energy field that goes to infinity and a negative energy field
that falls into the horizon of the brane-antibrane system.
The pair is created in a particular entangled state. So the
Unruh state can be viewed as an entangled thermal state.
The above definition of the positive frequency solution in
terms of B, and B, leads to the Bogoliubov transformation
[8-10] for the particle creation and annihilation operators in
the brane-antibrane system and Minkowski space-times in
the exterior region of the system:

- : T
d=coshr,a,, —sinhr o ,
t_ t :
d" =cosh rya , —sinh r o, (14)

tanh rw — e_zﬂrhorizunw’

where d" and d are the creation and annihilation operators,
respectively, acting on the Minkowski vacuum, o , and o,
are the respective operators acting on the brane-antibrane
vacuum outside the event horizon, and & and «;, are the
respective operators acting on the brane-antibrane vacuum
inside the event horizon.

Thus, we can write the Bogoliubov transformation
between the Minkowski and curved creation and annihila-
tion operators as

d|system)

= (agy — tanh r ol ) |system) 0, (15)

out®in out®in

which actually constitutes a boundary state. Now, we assume
that the system vacuum |system) is related to the flat
vacuum |0)g,, by

out®in

|system) = F|0) g, (16)

out®in
where F is a function to be determined later.

From [a . af ] = 1, we obtain [a,,, (a ,)"] = (0/0a] )
(af )" and [ayy. F) = (0/dal )F. Then, using Equations
(15) and (16), we get the following differential equation for
F:

oF
( —tanh rw(x;rnF> =0, (17)
gy
and the solution is given by

t ot
F= etanh o %ou %y (18)

By substituting Equation (18) into Equation (16) and by
properly normalizing the state vector, we get

ot
— Netanh T o0 0o
1

coshr,

|system)

0>ﬂat

Ztanhmrw|m>out ® |ﬁ/l>in’
m

out®in

(19)

where |m),, and |m),,, are the orthonormal bases (normal
mode solutions) for a particle that acts on H;, and H,
respectively, and N is the normalization constant.
Equation (19) expresses that the states inside and outside
the horizon are entangled. However, this entanglement
depends on the event horizon and the horizon is given in
terms of R, the orbital radius of the brane motion in the inter-
action potential of the other brane, 7y ;,., = cR/R, and conse-
quently, the entanglement changes with the orbital radial
distance between the two branes. We derive the thermal dis-
tribution for inflatons in extra dimensions as the following:

out>

<B > = out®in <SYStem | aiTn ‘xin ‘ SyStem> out®in
e_znrharizonw (20)

1- e_znrhorizonw

The above equation shows that different numbers of
inflatons are produced with different probabilities inside



and outside of the apparent horizon in the brane-antibrane
system. These probabilities are related to the orbital radial
distance of the two branes and the energy of the inflatons.

3. Considering the Effect of Other Branes on
Cosmic Inflation by Using the Warm
Inflationary Model

In this section, we enter the effects of the interaction
potential between the branes on the results of the derivation
of slow-roll and perturbation parameters and other impor-
tant parameters in the inflationary model [7]. We show that
these parameters are given in terms of the orbital radial
distance between the two branes and describe the shape of
the interaction potential between branes. Also, using the
inflationary model, we discuss the signature of interaction
between branes against observational data.

Previously, it has been shown that in the FRW brane with
the metric

ds’ = g, dxtdx" = —df* —a* (dx'dx,  (21)

the dynamics of warm inflation is presented by these equa-
tions [7]:

p+3H(P+p)=-T(B),

p,+4Hp, =-T(BY’,
, 1y, 1 (22)
H' =2 ((B) +V(B)) + 50,

V(B) =m*(B)*,

where p is the energy density, p is the pressure, p, is the
energy density of the radiation, I is the dissipative coefficient,
(B) is the thermal distribution of the inflaton, and the over-
dot () is the derivative with respect to cosmic time. In the
previous section, we discussed that the thermal distribution
of the inflaton can be given as a function of the orbital radial
distance between branes. Using this fact, we can rewrite the
above equations as

. . 2

RR-R
p+3H(P+p)=-T R
p (P+p) <2an2>

, RR-R\
py+4Hp, =-T'( —— |,

2nwR?
.. N\ 2
L[ (RR=RYT ) L
"2\ \ 2nwR? " (’ ) +§P),,

. 2
V(R,R)=m2<l— K )
2nwR

. 1/4
rH
r= [‘ m} =
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Using quantum field theory methods [11, 12], the dissi-
pation coeflicient (I') in the above equations could be calcu-
lated as

T3 47 W? T*R?
I'=Ty,— ~T,

TR -

where T is the temperature of the thermal bath. During the
inflationary epoch, the energy density p is more than the
radiation energy density p > p,; however, it is comparable
with the potential energy density V(B*) (p~ V) [7]. The
slow-roll approximation ((B) < (3H + (I'/3))(B)) [13, 14]
with the condition that inflation radiation production be
quasistable (p, <4Hp,,p, <T (B)) leads to the following
dynamic equations [7]:

™ - 1
3H(1+5)(B)=-3V,

where r=I'/3H and C=7%g*/30 (g* are the number of rela-
tivistic degrees of freedom). In the above equations, a prime (')
denotes a derivative with respect to the field B. Using this
equation and the thermal distribution of the inflaton in Equa-
tion (20), we can obtain the dynamic equations with respect to
R, the orbital radial distance between the two branes:

r (RR-R 1 .
() e
3/ \ 2nwR 2

. .\ 2 r
- RR
pzér RRlzz _ r 2V( .):CT{
' 4 \ 27nwR (1+(r3))*> V(R R)
1

s 1o
H?= 2 V(R R),

3H(1+

(26)

where the prime (') denotes a derivative with respect to R.
From the above equations, the temperature of the thermal
bath is given by [7]

r(RR - R)
4CnwR*(1 + (r/3

))1 . (27)

This temperature depends on the orbital radial distance
between the two branes. As the branes come close to each
other, the temperature of the thermal bath increases. The rea-
son for this is as follows: with decreasing distance between the
two branes, the interaction potential increases and more infla-
tons radiate from the apparent horizon of the brane-antibrane
system.
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At this stage, we tend to calculate the dependency of
slow-roll parameters on the orbital radial distance between
different branes. These parameters in warm inflation are [7]

1
e:——i In (H),
Hdt (28)
~ H
TR

where H = a/a and a is the scale factor. To calculate these
parameters, we should determine the explicit form of the
scale factor.

Until now, eight possible asymptotic solutions for cos-
mological dynamics have been proposed [15]. Three of these
solutions have a noninflationary scale factor, and another
three solutions give de Sitter, intermediate, and power law
inflationary expansion. Finally, two cases of these solutions
have asymptotic expansion with the scale factor (a = g, exp

(A(In t)"). This version of inflation is named logamediate
inflation [16]. In this paper, we will study the warm tachyon

In (B) ~In <Bo>> (B(/-1)/(5/+2)
w

H=fA(

inflationary model in the scenarios of intermediate and loga-
mediate inflation.

Firstly, let us consider intermediate inflationary expan-
sion. In this model, the expansion of the universe is between
standard de Sitter inflation with the scale factor a(t)=
a, exp (Hyt) and power law inflation with the scale factor
a(t) =tP,p>1 (slower than the first one) [17, 18]. The scale
factor of this model has the form below [19-21]:

a=a, exp (Atf), 0<f<l, (29)

where A is a positive constant. The number of e-folds in this
case is [7]

N:JtHdtzA(tf—t{), (30)

where t,; is the begining time of inflation. From Equations
(20), (24), (25), (26), (27), and (29), we obtain the Hubble
parameter as

_fa (ln (( e—znrhmmw) / (1 _ e—2nrhomonw)) “In (( e—2nro)hurmnw) / (1 _ e—znro,hurmw) )> (B(f-1))/(5/+2)

w

w

fA <_2ﬂw(rhorizon B rO,horizon) +In ( (1 B e_zmo’hmmw) / (1 B e_zmhmmnw) )) e

270 ((Ry/Ry) = (RIR)) +1n (17"

(RU/RO)w>/<1 B e—zn(R/R)w)) (8(f-1))/(5+2)

~fA =
B=B, exp( (5f+2)/8>
where @ = ((6/I)) (2C/3)™) " ((8(fA)"* (1 - £)")1(5f +2))

and I'; is constant. This equation insists that the evolution
of our brane universe is affected by the number of inflatons

1-

f

In (B) —In (B ) ~(8f/(5/+2))

>

that are radiated from the apparent horizon of the brane-
antibrane system and it changes with an increase or decrease
in the orbital radial distance between the two branes.

The important slow-roll parameters € and # are given by

-f
A
1-f
7A

-7

(111 2711’110"10“ )/(1 _ e—Zﬂrhomonw)) —In ((e—anO)hmizonw)/(l _ e—ZﬂrO)hmmnw) )) —(8f1(5f+2))

fA

~27160(Fsigon — rO,horizon) +In ( (1 _ e—2ﬂr0)hmim“w) /<1 _ eZﬂrhmmnw))) ~(8f1(5f+2))

1-f (an ((Ro /R (R/R)) +1n ((1 - e_zn(R"/RU)“’)/(l - e_Z"(R/R)“’)) TG

>
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In (B) —In (B ) ~(8f/(5f+2))

2-f
fA

w

=T (0
(-

In (€2 @) /(1 - ¢ 2 ¥horin®) ) — Iy ( (& > osorion) /(1 ~ e—znro,hmmw))) ~(8f1(5+2))

2 f 277.'(0 rhorlzon rO,horizon) +In ((1 - e—ZﬂrO,hoﬂmnw)/(l - e_zrrrh"m""w))

T fA ( @ )

2 f (an R /R (R/R)) +In ((1 _ e—27r(R0/R0)w>/(1 _ e—ZH(R/R)w)) —(8f1(5f+2))
a) b

(32)

respectively. These parameters depend on the orbital radial ~ system, the slow-roll parameters increase, and, as a result, the

distance between the branes. With a decrease in this distance, ~ universe inflates more.

more inflatons are radiated from the apparent horizon of the The energy density of radiation in this case has the
following form:

~In (B ) (8/-2)/(5/+2)

w

< 27-‘:rhonzun /(1 — e_zrnhorizonw)) — ln ((e_ZHrU,horizonw) / (1 — e_2ﬂ70,horizonw) )) (8f—2)/(5f+2)
fra

< Zﬂw rhonzon rO,horizon) +In ((1 B 6—27"0,1mnzon"-’)/(1 B e_zmhorimnw) )> e (33)
w

21w ( (R, /R (R/R)) +ln ((1 _ e—2n(R0/R0)w) /(1 _e_zﬂ(R,R)w)) (8f-2)/(5f+2)

w

According to this result, the radiation energy density is  tematically more effective because at higher energies, there
given in terms of the orbital radius of the brane motion in  exist more channels for inflaton production.
extra dimensions. As the interaction potential increases, the Using Equations (30) and (31), the number of e-folds
effect of the inflaton radiation from the apparent horizon in ~ between the two fields B, and B is given by
the brane-antibrane system on cosmic inflation becomes sys-

In (B) —In (B ) -(8f1(5/+2)) (ln (B,)—In <BO>>—(8f/(5f+2))‘|

w

(m e P horn®) (1 = &) ) ~ In. (2 ommn®) /(1 = ezfrro,hm,mw))> ~(81(5f+2)

w

(hl 727”1 Jhorizon )/(l - eiznrl,hOrizonw)> - ln ((eiZﬂrO,horimnw)/(l bl eznrO,hnrizonw))) (Sf/(5f+2))]
w

~A

<_2ﬂw(rhorizon B ro,horizon) +1n ((1 B eizmo'hommw)/(l B eizmhmimw) )> SR
w
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w

<_2ﬂw(r1,horizon B rO,horiZon) +In ( (1 B e_2ﬂr01horizonw) / (1 B e_ZHYLhomonw) ) ) _(8f/(5f+2))]

~A

2m0((Ry/Ry) = (RIR)) +In (1= (W) (1 - (08 )

-(8f/(5/+2))

w

2710 ((Ry/Ro) = (Ry/Ry)) +1n ((1 - e-zﬂ(Ro/Ro)w> / (1 _ e—2ﬂ(R1/R1)w)> ~(8f1(5/+2)

@

This equation depends on (B,) and (B,). To obtain the
explicit form of the number of e-folds in terms of the orbital
radius distance between the branes, we should find the rela-
tion between (B,) and (B,). At the begining of the inflation
period where ¢ = 1, the inflaton in terms of constant param-
eters of the model is

(B exp <w () “””“) .

e*ang,l,onzonw ) l—f (/4218
1= e 2 thmomma P w(f_A>

! exp

e_2777r1,horizonaJ

(B1)

1 — e~ 2 1 horizon®

- (rl,horizon ) T~ ( 70, horizon )

. <(I) (%) (5f+2)/8f> L

From the above equations, we obtain the inflaton (B(t))
and the distance between the two branes (R()) in terms of
the number of e-folds:

_ £\ (6f+2)18f
(B(0) = (Ba) exp («o (G+7) )

efznrhoriznn w

(35)

1- 6*27'"1.hmizon“’

e_znro,horizonw _ N 1 _f (5f+2)/8f
1 — e 2o horizon® exp | @ (K * f A )

- (rhorizon ) e (rO,horizon )

. (w (% + lf;Af> (5f+2)/8f> -1—R(t)

RO exp <_ J dtrhorizon (N’ t)) .

exp

(36)

(34)

This equation shows that the orbital radial distance
between the brane universes depends on the number of
e-folds. This means that as the distance between the branes
decreases, more inflatons are created near the apparent
horizon of the brane-antibrane system, and the number
of e-folds increases.

In Figure 1, we present the number of e-folds N for the
intermediate scenario as a function of R™!, where R is the
orbital radial distance between branes. In this plot, we choose
R,=0.45(GeV)™", w=4.6(GeV), R,=0.01, R=0.1, A=1,
and f = 1/2. It is clear that the number of e-folds N is much
larger for a smaller orbital radial distance between the branes.
This is because as the distance between the branes becomes
smaller, the temperature becomes larger and the thermal
radiation of the inflatons enhances.

Now, we will consider tensor and scalar perturbations
that appear during the inflationary period for the warm infla-
tion model. These perturbations may leave an imprint in the
CMB anisotropy and on the LSS [22-26]. The power spec-
trum and spectral index are characteristic of each fluctuation:
Az (k) and n for scalar perturbations and A%.(k) and ny for
tensor perturbations. In warm and cool inflation models,
the scalar power spectrum is given by [7]

(37)

where the thermal fluctuation in the warm inflation model

yields [22-26]
FHT? 1/4
(0B) = <—3> :
(47)

Using Equations (20), (36), (37), and (38), we calculate
the scalar power spectrum as

(38)
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o 3 V2 B I3 2 31(fA)5(1
R \se(an)’) H  \36(4n)°

<2C)11

3\ 18 —((15f-18)/(5f+2
_f)> <B>3<ln (B) —In <Bo>) ((15/-18)/(5f+2))

0

172 1/8 W 5
(I3 31 (FA)5(1-f)° 2 horzn
36(477)3 (ZC)“ 1 — e 2 horizon®

27 b orizon @ o 2 herizon @) ) &2 O horizon® — o 27 g orizon@ -((15/-18)/(5f+2))
X(ln((e o)/ (1 - €2 Men) ) ln(( ) (1~ e on )))

(I3 " (30 fA B(
36(4m)’

_Zﬂrhonzonw 3
1 — € 2TWhonzonw

x <_27Tw(rhorizon rO horlzon) + ll’l

=2 oorizon ) /(1 _ efzmho,imw) )> ~((15£-18)/(5f+2))

—271 R/R

(I3 " (30 fA B(
36(4m)’ _

3
7271 R/R) >

R(,/RO) )/<1 B e‘z"(R’R)“’)) —((15f-18)/(5f+2))

@

(an((RO/R o) - (R/R)) +In ((

where k is the comoving wavenumber. With the wavenumber
k=k,=0.002 Mpc‘l, the combined measurement from
WMAP+BAO+SN of Aj is reported by the WMAP7 data
[27-29] as

Ap = (2.455+0.096) x 107", (40)

S dink  8fA @

) dinAy  15f 18 (ln (B) —1n (B
no—1=-— -

>

Using this equation and Equation (39), and choosing
(A=1,f=1/2,R=0.1,w=4.6(GeV), and I, = 1), we obtain
the radial distance between our brane and another brane,
R=(1.5GeV)™"

This result is consistent with previous calculations [30].

Another important perturbation parameter is the spectral
index s, which is given by

—-8f1(5f+2)
0>>

1518 <1n (€72 mron) ] (1 — ¢ 2Mharian®) ) — Iy ( (€ 2P onorien®) /(1 e—znro,hommw))) —8f1(5/+2)

8fA

w

- ISf - 18 _Zﬂw(rhorizon T, horlzon
8fA

In (&2 o) /(1 - ezmhmmw))>8f 1(5f+2)

(E( —271 (Ry/Ro) )/(1 _e—ZH(R/R)w)> -8f1(5f+2)

8fA

where we have used the thermal distribution in Equation
(20). In Figure 2, we show the results for the spectral index
in the intermediate scenario as a function of R™!, where R is
the orbital radial distance between the branes. In this plot,
we choose R, = 0.45(GeV) ™', w=4.6(GeV), R, =0.01, R=
0.1, A=1,and f = 1/2. As can be seen from Figure 2, the spec-
tral index decreases rapidly when the distance between the

branes increases. By comparing Figures 1 and 2, we find that
the N =50 case leads to n, = 0.96. This result is compatible
with the observational data [7, 27-29, 31, 32]. At this point,
the radial distance between our brane and another brane is
R=(15GeV)™"

Using Equation (20), we can calculate the tensor power
spectrum and its spectral index as



Advances in High Energy Physics 9

2 2 @

A= 2H?  2(fA)? <1n (B) ~In <BO>><16<f1)>/<sf+z)
2= =

2(fA)2 (ln ((e_2ﬂrhorizonw) / (1 - e_znrhorizonw>) —_ ln ((e_ZﬂrO,horizonw) / (1 —_ e_znro,horizonw) )> <16(f—1)>/(5f+2)

%)
2(fA)2 <_2ﬂw(rhorizon - rO,horizon) +In ((1 B e_znmhoriwnw) / (1 ~ e_zmhomonw))) HeUmIEr) (42)
2 @

s (2m((RRy) = (V) +1n (1= (k) (1 (e ) VTS

m? %
2-2f (In (B) —In (By) ~8f1(5f+2)

i )

_2-2 f (ln ((eonrhomonw) / (1 _ efznrhorimw)) “1n (( efzmgyhommw) / (1 _ e—2nr0yhonzonw) )> -8f/(5f+2)

np=-2e=-

w

JA -
2=2f (21 (Torizon — Tohorizon) + 111 ((1 - e—Z”fo,homonw) /(1 _ e—Zﬂf}mmw)) -8f1(5f+2) (43)
CJA ( ®
_2-2f 2nw((Ro/RO) - (R/R)) +ln ((1 _ e*Zﬂ(RUIRU)w>/(1 B e—Zﬂ(R/R)w)) —-8f/(5f+2)
fA @ .

These perturbations depend on the orbital radial distance =~ (CMB). Thus, we can observe the signature of interaction
between the branes. As we discussed before, these perturba- ~ between the branes by means of observational data.
tions have a direct effect on the cosmic microwave background Another important parameter is the tensor-scalar ratio
that has the following form:

X - 144(47)’ (fA)* UZHHW i 144(47)? (FA)! 12 3U(FA)S(1- f)? 18 By <ln (B)-In <BO>>(I+2)/(5f+2)
tensor-scalar FSTLA T2 1"(3)7.[4 (ZC) 11 ®

_ (1w’ ga)\ (31 ga) P -)’ ( >
1‘3'71'4 (ZC)H 1 — e 2™ horizon®

&~ 2 horizon®@ o2 horon @ ) _ —27TT g horizon @ 2T G horizon® (f+2)/(5f+2)
y <l horison®) /(1 — €~ horison®) ) — Iy (™2 omorisn®) /(1 — =20 )))

w

1/2 1/8
144(4 4 3“(fA)15 1 _f)3 ¢ oo\ 3
1—67.[4 (ZC)“ 1 — e 2 horizon®@

+ In ( 1 — e ohorizon )/(1 _ eanhorizonw))> (f+2)/(5f+2)

27'[60 rhonzon T, horlzon

@

144(4 4 172 311(fA)15(1 _f)3 18 o 2n(RIR)w 3
F37r4 (2(,‘)“ 1— e—Zn(R/R)w

h 3 2)/(5f+2
2m00((Ry/Ry) = (RIR)) +1n (1= e () (1= e 2r(®8))) I

w

(44)
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In Figure 3, we present the tensor-scalar ratio in the inter-
mediate scenario as a function of R™!, where R is the orbital
radial distance between the branes. In this plot, we choose
R,=0.45(GeV) ™", w=4.6(GeV), R, =0.01, R=0.1, C =70,
I'y=1, A=1, and f=1/2. We observe that as the orbital
radius distance between branes increases, the tensor-scalar
ratio increases. By comparing Figures 2 and 3, we notice that
the standard case n;=0.96 may be found in 0.01<
Ricnsor-scalar < 0-22, which agrees with the observational data
[7, 27-29, 31, 32]. At this stage, the radial distance between
our brane and another brane is R = (1.5GeV) ™"

Now, we would like to consider the signature of interac-
tion between branes in the context of logamediate inflation
with the scale factor

a(t) =ag, exp (A[ln t])‘), (45)

where A is a constant parameter. This model is converted to
power law inflation for the A = 1 case. This scenario is applied
in a number of scalar-tensor theories [16]. The effective poten-
tial of this solution is used in dark energy models [33], super-
gravity, Kaluza-Klein theories, and superstring models [16,
34]. The number of e-folds in this case is given by [7]

N:Jt Hdt:A([ln "~ [In tl]’\), (46)

20°A% [In (27 ((In (B) ~In (B,))/@))]"
(5 ((In (B) ~In (B,))/@))’
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where t; is the beginning time of inflation. From Equa-
tions (20), (24), (25), (26), (27), and (45), we may find the
inflaton B and also the orbital radial distance between the
two branes:

eiZ”rhorizonw
In (B) - In (B,) = @5(t) — In

1 — 72 horizon®

e_ZHrU,horizonw

—_—

n——_
1 — e_znro,horizonw

= &)E(t) - _an(rhorizon

~ Y0 horizon )
1 e_znr() horizon @

+1In ~wE(t
l — e_Zﬂrhonzon )

— (-

1 — o2 (RolR )
+In —— | ~wE(t

_ o (RR)w

47)

where @= ((6/T,) (213" ((~4)™*(14)*)"" and E(t)

= p[(54+3)/8,In t/4] is the incomplete gamma function
[35, 36]). The potential in terms of the orbital radial distance
between the two branes is presented as

g (48)

o)

This equation shows that the inflatonic potential on our
brane depends on the orbital radial distance and the interac-
tion potential between the two branes. In fact, the interaction
between branes causes inflation of our universe.

. [in (="

20242 [ln e ((Zﬂw((RO/RO) ~ (R/R)) +1n ((1 - e‘Z”(RU/Rﬂ)“’)/(l - e‘z”(R’R)w) )
(5-1 ((Zﬂw((RO/RO) - (RIR)) +1n ((1 - e‘z”(RO’RO)“’) / (1 - e‘z”(R’R>“’) ) ) @

)

Now, we obtain the slow-roll parameters of the model in
this case:

{((2ma((Roy) - (RIR)) +1n (1= (12209} ) ) )|

AA

2 [ln (E‘l ((2nw((R0/R0) - (R/R)) +1n ((1 - e_Z”(R"/R")“’) / (1 - e_Z”(R/R)“’) ))/&))ﬂ - |

>

(49)

11:
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In this case, like the intermediate case, as the distance
between the branes decreases, more inflatons are created in
the brane-antibrane system, the slow-roll parameters increase,
and the universe inflates.

N=A| |In | &

: (271w((R0/R0) - (R/R)) +1n ((1 - e_zn(RO/RO)‘”)/(l - e_Z’T(R/R)“’)))

11

Using Equations (20), (46), and (47), the number of
e-folds between the two fields B, and B(t) can be obtained
as

w

[ (2m((Ro/g) = (RIR)) +1n ((1

w

(an((RO/RO) ~ (RIR)) +1n ((1 - e_zn(R"/RO)“’)/(l - e‘2”<R/R)w) ))

B e,m(RO/RO)w) / (1 _ e—Zn(Rllkl)w> ) )) A (50)

A

w

where R, is the the orbital radial distance between the two
branes at the begining of the inflationary epoch when e =1.
Using the above equation, the orbital radial distance between
the two branes in the inflationary period could be obtained in
terms of the number of e-folds as

e—zmhommw =3
1 — e 2T horizon@

1/8
e 31(14)"
B\ 36( 4n o)n

_ [AA]/\/(Ifk) ,

This equation shows that, in this case, like the intermedi-
ate case, the number of e-fields depends on the orbital radial
distance between the branes. This is because as the distance
between the branes decreases, the number of inflatons, which
has direct effects on the number of e-folds, increases.

Also, the scalar and tensor power spectra in this case are
given by

oo ( ; {m ( ( (270 ((Ro/y) = (RIER)) +1n ((1(; e_Z”(RO/RO)“’>/(1—e_z’T(R/R>“’>)>))])

17 15(A-1)/8)

B ( 27tw ((Ro/Ro) - (R/R)) +1n ((1 —e*Z”(RO’RO)“’)/(l —e*z”(R’R)w)))

(an((RO/RO) _ (R/R)) +1n ((1 _ e—zn(RO/RO)w)/<1 _ e—Zn(R/R)w)>)

xexp | —3wZ (exp In

A=

> >

w

These spectra in the context of logamediate inflation, like
intermediate inflation, change with an increase or decrease in

2)L2A ln (5 1((2nw ((Ro/Ry )~(RIR) ) +In ((1—[2”(’*0’%%)/(l_efzn(m'e)m)))/6)))]2%
s <~—1 ((271(0(( /RO) (R/R)) +In ((1 - e—zn(Rn/RO)w>/<1 _ e’z”(R’R)“’)»/@))z

the orbital radial distance between the branes. The spectral

index in this case has the following forms:
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(27 ((RofRy) = (RR)) +1n (1= (R)) (1 e (0)0) ) )
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2[n (27 ((27e((Ro/Ro) = (RIR)) +1n ((1-¢

@

) (1= )

= 1A

In Figures 4 and 5, we present the number of e-folds N
and the spectral index for the logamediate inflation scenario
as a function of R™!, where R is the orbital radial distance
between the branes. In these plots, we choose R,=0.45
(GeV)™', w=4.6(GeV), R,=0.01, R=0.1, A=10, A=1,
and f = 1/2. In this case, like the intermediate case, we find
that the number of e-folds N and the spectral index are much

3\ 12 11 1/8 ) .
R [ 144(4m) (20)'1(AA) &2 0horizon®
tensor-scalar — FS 4 311 1-— e—ZﬂrO)hmizon

[1]‘

larger for smaller orbital radial distance between branes. This
is because as the distance between the branes becomes
smaller, the temperature becomes larger and the thermal
radiation of the inflatons enhances.

Finally, we could find the tensor-scalar ratio in terms of
the orbital radial distance between two branes:

)

(27 ((RofRy) = (RIR)) +1n (1= 7)) (1 m(00)0) )

(an((RO/RO) - (R/R)) +1n ((1 - e_ZH(R”/R”)“’>/(1 - e_Z”(R/R)“’))>

w

39 —31(A-1)/84

w

(Zﬂw((RO/RO) - (R/R)) +1n ((1 _ e—ZH(RO/RD)w)/<1 _ e—Zﬂ(R/R)w)))

In Figure 6, we present the tensor-scalar ratio in the loga-
mediate scenario as a function of R™!, where R is the orbital
radial distance between the branes. In this plot, we choose
R, =0.45(GeV) ™", w=4.6(GeV), R, =0.01, R=0.1, C =70,
I'y=1,1=10, A=1, and f = 1/2. In this case, like the inter-
mediate case, with an increase in the orbital radial distance
between branes, the tensor-scalar ratio increases. By compar-
ing Figures 5 and 6, we notice that the standard case n, = 0.96
may be found in 0.01 < Ri.peor-scalar < 0-22, which agrees with
the observational data [7, 27-29, 31, 32]. At this stage, the
radial distance between our brane and another brane is R =
(0.02225 GeV) .

4. Summary and Discussion

In this research, we calculate the thermal distribution of
inflatons near the apparent horizon in a brane-antibrane sys-

%

(54)

tem and show that the energy density, slow-roll parameters,
number of e-folds, and perturbation parameters can be given
in terms of the orbital radius of the brane motion in extra
dimensions. According to our results, when the distance
between branes increases, the number of e-folds and the
spectral index for both the intermediate and logamediate
models decrease rapidly; however, the tensor-scalar ratio
increases. This is because as the separate distance between
branes decreases, the interaction potential increases, and at
higher energies, there exist more channels for inflaton pro-
duction near the apparent horizon in the brane-antibrane
system; consequently, the effect of inflaton radiation from
this horizon on cosmic inflation becomes systematically
more effective. We find that the N =50 case leads to
ny=0.96. This standard case may be found in 0.01 <
Riensor-scalar < 0-22, which agrees with the observational data
[7,27-29, 31, 32] (we note that some new observational data
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has been obtained, but we believe that our models will fit
this as well. This work in under progress). At this point,
the radial distance between our brane and another brane
is R=(1.5GeV)™" in the intermediate model and R=
(0.02225GeV) ™" in the logamediate model.
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