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Abstract We study the inflation in terms of the logarith-  ducing the following energy density:
mic entropy-corrected holographic dark energy (LECHDE)
model with future event horizon, particle horizon, and Hub- oA = 3c2 M%L’z, @))

ble horizon cut-offs, and we compare the results with those
obtained in the study of inflation by the holographic dark
energy HDE model. In comparison, the spectrum of primor-
dial scalar power spectrum in the LECHDE model becomes
redder than the spectrum in the HDE model. Moreover, the
consistency with the observational data in the LECHDE
model of inflation constrains the reheating temperature and
Hubble parameter by one parameter of holographic dark
energy and two new parameters of logarithmic corrections.

1 Introduction

The recent cosmological and astrophysical data from cosmic
microwave background (CMB) radiation, the observations of
type la supernovae and large scale structure (LSS) persua-
sively express that the universe experiences an accelerated
expansion phase [1-4]. The accelerated expansion phase is
derived by an energy component with negative pressure, the
so-called dark energy (DE). The most simple candidate for
dark energy is the cosmological constant, A. However, the
cosmological constant candidate suffers from the fine-tuning
and the cosmic coincidence problems [5,6]. Therefore, cos-
mologists suggested some different models for DE, including
tachyon, quintessence, phantom, k-essence, chaplygin gas,
holographic, and new agegraphic models [7-13].

The holographic dark energy model HDE is one of the
models of quantum gravity. This model, based on the holo-
graphic principle, was proposed in Refs. [14—16] by intro-
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where c is a numerical constant to be determined by observa-
tional data. L and Mp are the cut-off radius and the reduced
Planck mass, respectively.

The Bekenstein—-Hawking entropy Sgy = %, which is
satisfied on the horizon, plays a fundamental role in the HDE
model [17]. In fact, A ~ L2 is the area of the horizon and
since the holographic dark energy model is related to the area
law of entropy, any correction to the area law of entropy will
modify the energy density of the HDE model. One correction
to the area law of entropy is the logarithmic correction [18—
20]

Son= = +an (=) + 4 @)
BH=76 T\ 46 '

Here @ and E are dimensionless constants. The correction
terms play a fundamental role in the early-time inflation
and late-time acceleration of the universe [21]. The corre-
sponding modified energy density of the logarithmic entropy-
corrected holographic dark energy (LECHDE) model has
been expressed by Wei [22],

pa = 3EMEL™2 + L™*a In(MEL?) + B), 3)

where o and B are dimensionless constants. In Eq. (3), the
second and third terms are comparable to the first term
when L takes a very small amount. This means that the
correction terms are important in early universe and when
the universe becomes large, the second and third terms are
ignorable and the logarithmic entropy-corrected holographic
dark energy model reduces to the ordinary holographic dark
energy model. The fractional energy density of LECHDE is
given by
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The holographic dark energy model was introduced to
account for the present acceleration of the universe at low
energy scale. However, by imposing the quantum gravity cor-
rections to this model which led to the LECHDE model we
are inevitably concerned with a high energy state of the uni-
verse, namely inflation. Inflation is the principal theoretical
framework which describes the very early universe. In this
work our aim is to study the effect of the logarithmic entropy-
corrected holographic dark energy model on inflation and the
CMB.

We emphasize that the study of holographic dark energy
model, considering the cosmological constant problem, leads
to the fact that the Hubble horizon and particle horizon cut-
offs contradict observations, and only the one with the future
event horizon cut-off is consistent with observations [9].
However, for the sake of generality, in this work we intend
to study inflation with logarithmic entropy-corrected holo-
graphic dark energy model considering the future event hori-
zon, particle horizon, and Hubble horizon cut-offs.

2 Inflation and perturbational analysis

In this section we study inflation derived by a single mini-
mally coupled inflaton field. The energy density of the infla-
ton field is given by [23]

w=%#+vwx )
where ¢ is the inflaton field and V (¢) is the inflaton potential.
For simplicity, we assume that the inflaton field does not
couple to the logarithmic entropy-corrected holographic dark
energy. Therefore, we can write the equation of motion of the
inflaton field, without being affected by the existence of the
logarithmic entropy-corrected holographic dark energy, as

G+3H¢+V, =0, (6)

where V, = %—;. Moreover, we consider the slow-roll con-
ditions [23]

SE__.a

18] < 1, 7

le] < 1. (3

_H
=T
We assume that the reheating period occurs immediately after
the inflation period. So, the number of e-foldings is given by
(24]
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where Trep, is the reheating temperature and Vepq is the poten-
tial corresponding to the end of inflation. Moreover, we
assume that the reheating period is short enough and the
primary value of ppcoBg is given by [23]

Tien

4
4 4
m) MP - 4'2Treh' (10)

pacosg = 1.2 x 107° <

We recall our assumption that the LECHDE is not coupled
to the inflaton field so that the equation of motion of the
inflaton field is not affected by the existence of the loga-
rithmic entropy-corrected holographic dark energy. More-
over, we ignore any possible perturbations connected to the
LECHDE model. Therefore, the standard perturbation equa-
tions remain unchanged [25].

We know that the perturbation of the longitudinal gauge
metric is described as follows [23]:

ds? = a’[—(1 4+ 2¢)d1? + (1 — 2¢)dx’dx'], (11)

where ¢ is the scalar field in the perturbed metric and 7 is the
conformal time. Using the equation of motion of the inflaton
field (6) and the standard perturbation equations [25], the
diagonalized equation for ¢ in the longitudinal gauge can be
obtained as follows [23]:

. 20\ . . 2¢ p2 2
¢+(H——?”)¢+ 4H-HL + 29— L=
) () M3 a
(12)
Now, we suppose [23]
u= ? (13)
2
Then, using Eqs. (12) and (13), one can obtain [23]
d? —4e+6
M (Z2EE2E9) K2 =0, (14)
dr? 72
where
)
%
o= ——>. 15
e (15)

Since in this paper we have considered the presence of the
non-perturbative logarithmic entropy-corrected holographic
dark energy model during inflation, the comoving curvature
perturbation is no longer conserved. This is due to the fact that
the logarithmic entropy-corrected holographic dark energy
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does not fluctuate while the inflaton field fluctuates, hence
the perturbation is not adiabatic. However, we can apply a
nearly conserved quantity [23]. Using a general differential
equation with two small parameters €] and €3, we have [26]

2
b+ +enHb+ e’ - Lo =0, (16)
where €; = —i% and € = ‘;{—g — ;;% + M?jﬂ' One can

show that the following quantity is nearly conserved [26]:
' H
R:B[%—l—(l-{-él—i-m—62>¢:|ef€2Hdt, (17)

where B is the constant value. The power spectrum of R is
given by [26]

k3

277—2|R|2, (18)

P =

where k = a H. Also, the spectral index is defined as follows
[23]:

d1
ne—1= 307 — 8¢ 425 + 20. (19)
dink |,

3 LECHDE model with future event horizon cut-off in
inflation

In this section, we investigate the evolution of the logarithmic
entropy-corrected holographic dark energy model with the
future event horizon cut-off in the inflation. The future event
horizon cut-off is given by

R /“’Odt /"O dx 20)
=a —=a —.
h ; a + aH

Taking the time derivative of Eq. (20) and using Eq. (20) one
can obtain

RhZHRh—l. (21
Now, using Eq. (3) and L = Ry, we have
pa =3 MaR > + R *[a In(M3RE) + BI. (22)

We can rewrite Eq. (22) as follows:

pa =3EMER 2y, (23)

where

Yu=1+ ;[a In(M3R?) + B1. (24)
3cIMER?

Using Eq. (23) and inserting in Eq. (4), we have

2
“Vu
Qp = :
AT RIH?

(25)

In the flat FRW universe, using Egs. (5) and (23) for the
inflation model and the LECHDE model with the future event
horizon cut-off, the Friedmann equation is given by

1
3MEH? = §¢2 + V(9) +3EMER 2y, (26)
Taking the time derivative of Eq. (26) and using Egs. (6),
(21), and (23) leads to

—2M3H = ¢* + 22 MER 2y,

1 1 aHZQ,
x(1-——)|2-——-——>-1.@27
RnH Y 3C2MPV,%

Using Eqgs. (25) and (26) and the slow-roll conditions, we
can obtain the Friedmann equation as follows:

' _ 1q 30y (28)
H Ny

Taking the time derivative Eq. (4) and using Egs. (4), (21),
(23), (24), (27), (28), and the slow-roll conditions, we obtain
the following differential equation:

VQa
/Y

aQ2aV
I Mpy(1 —Qp) |

Q) = —2Qx(1 — Qp) (1 -

1
2 _
|: Yu

where the prime denotes the derivative with respect to x =
In(a) and a is the scale factor. Now, by assuming V = Mf,‘
[24] and inserting in Eq. (29), we obtain

Ve
VY

1 OlQA
x |2 ———F5———|. (30)
VM 9C VM(I_QA)

This equation has no analytic solution; however, we have
plotted numerically the evolution of €2, with respect to
the scale factor for the logarithmic entropy-corrected holo-
graphic dark energy model with the future event horizon cut-
off and the ordinary holographic dark energy model HDE
with ¢ = 0.8,1,1.2 [23,27-32] in Fig. 1. Note that if
a = f = 0and y, = 1, then Eq. (30) will reduce to Eq.
(9) in Ref. [23] and this means that the LECHDE model will
reduce to the HDE model.

In this figure, we can see that the evolution of 2, with
respect to the scale factor for the LECHDE model with ¢ =

(29)

Q) = —2Qx(1 — Qp) (1 -
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Fig. 1 Comparison of the evolution of Q2 — a between the LECHDE
and the HDE models with the future event horizon cut-off. The dashed,
dotted and thick (green) lines represent the LECHDE model for ¢ =
0.8, 1, 1.2, respectively. The blue, red, and brown lines indicate the
HDE model for ¢ = 0.8, 1, 1.2, respectively

-15 -10 -5 0

Fig. 2 The evolution of €2, with respect to x = In(a) for the
LECHDE model with the future event horizon cut-off. The dashed, dot-
ted, and thick lines represent the LECHDE model for ¢ = 0.8, 1, 1.2,
respectively. Here, neither a nor 2, are normalized to ¢y = 1 and
0 < QA < 1. The normalization is chosen for numerical convenience.
For simplicity, the inflaton energy density is assumed to be constant

0.8, 1, 1.2 is faster than the evolution of Q24 with respect
to the scale factor for the HDE model. In Fig. 2, we have
plotted the evolution of 25 with respect to x = In(a) for
the logarithmic entropy-corrected holographic dark energy
model for different values of ¢ = 0.8, 1, 1.2 [27-32]. We
have neglected the change of the inflaton energy density in
time for simplicity. We see that as c increases, the energy
density 24 becomes more dominant at earlier times.
Using Egs. (10) and (23), we obtain

5¢ x 1074 /1016 GeV )\ *
- n G1)

h =
Mp Tien

Note that if y,, = 1, then Eq. (31) will reduce to Eq. (14) in
Ref. [23].

@ Springer

Also, using Egs. (7), (8), (12), (15), (16), (17), (27), and
(28), we obtain

2M;H?
R =
¢2
¢S 2/th Yu 1
- 2 ] _
x <H+¢>CXP(6 +  RIH RnH
1 Q
X 2 _— — 426(—1\ dt 5 (32)
Yu o 9ty (1 —Qp)

where 715 is the time of the last scattering surface. Using (18)
and (32), we also obtain

H* fLs 1 1
P =5 exp 4c2/ i [(1——)<2——
44 + R{H RyH Yu

OZQA

Finally, using Eqgs. (7), (8), (15), (19), (27), and (28), we find

42 Vi
RZH?

(1 L) LI S B
*  RnH o MR- )|

Ifa =B =0and y, = 1, then Egs. (32), (33), and (34) will
reduce to Egs. (20), (21), and (22), respectively, in Ref. [23].

Now, we derive the corrections to the spectral index pro-
duced by the logarithmic entropy-corrected holographic dark
energy with the future event horizon cut-off. The slow-roll
parameter is given by [23]

ng—1=—4e 426 —

n=e€+54. (35)

Using Eqgs. (8), (27), and (28), we have

? Y
2
R;H?

(1 L) L L S (36)
* " RuH o 92— )|

where ¢( is the main contribution in the inflation models
without the logarithmic entropy-corrected holographic dark
energy. In the above equation, the correction terms are as
follows:

2y, (1 1 ) 5 1 a2
R2H? RnH vu  9tyR1—Qa) ) |

(37

€ =€)+
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Using Egs. (34), (35), and (36), we have

10¢? 1 1
ng — 1 = —6€g + 21 — 05”“[(1— )(2——
RhH2 RnH Y

OlQA
9cty2(1 - QA)):|' %)

Here the first and second terms are the standard contributions
from the single field inflaton models. Also, because of the last
term in Eq. (38), we can see that the effect of the LECHDE
model with the future event horizon cut-off is to make the
spectrum redder than that of the HDE model. Moreover, using
the cosmological data [33] (the correction to ng — 1 should be
smaller than —0.05), Eq. (25), and the last term in Eq. (38),
we obtain a constraint as follows:

254 | x2
5y? Scy /i

! ax! 005 <0, (39)
x2——— —0.05 <0,
Yu o 9ctyr(25y% — x%)

where x = [,y = I and y,, is given in terms

of x, «, B, and ¢ by solving the following equation:

- x* (X 108¢2y, 48
= _ n{ ————— .
Vi 75 x 108¢4y, ¢ x*

(40)

The inequality (39) constrains the quantities H, Tiep, ¢, o,
and B at the early universe.

4 LECHDE model with particle horizon cut-off in
inflation

The particle horizon cut-off is given by

T dt

. (41)
0o a

RHza

Taking the time derivative of Eq. (41) and using Eq. (41) one
can obtain

Ry=HRy +1. (42)
Using Eq. (3) and L = Ry we have

pa = 3EMERG? + Ry [ In(M3RE) + B). (43)
Also, we can write Eq. (43) as follows:

oA = 302M1§Rl;2yv, (44)

where

Yo = [ In(MERE) + Bl. (45)

I+ ———
2 p2

3c2M Ry
Using Eq. (44) and inserting in Eq. (4), we have

_
= .
Ry H?

QA (46)

In the flat FRW universe, using Eqs. (5) and (44) for the
inflation model and the LECHDE model with the particle
horizon cut-off, the Friedmann equation is given by

1
IMEH? = 5(/')2 +V +3EM3RG v (47)
Taking the time derivative of Eq. (47) and using Egs. (6),
(42), and (44) yield
—2M3H = ¢* + 2> M3R; v,
1 1 H?>Q
x (1 + ) - — - A
RuH Yo 3Mpy}?

Using Eqs. (46) and (47) and the slow-roll conditions, we
obtain the Friedmann equation as follows:

(48)

' _ 1q 30y (49)
H ATy

Taking time derivative of Eq. (4) and using Eqgs. (4), (42),
(44), (45), (48), and (49) and the slow-roll conditions, we
have

Q) = —2Qx(1 — Qy) (1 4+ Y Q“)

/W

(50)

1 aQpV
x|2——— )
Yo 9t Mpy2(1 —Qp)

Now, we assume V = Mé [24] and insert in Eq. (50) to
obtain

Q) = —2Qx(1 — Qy) (1 +

|: 1
X|[2———
Yv

Similar to the previous case, in Fig. 3, we have plotted numer-
ically the evolution of €2 with respect to the scale factor for
the logarithmic entropy-corrected holographic dark energy
model with the particle horizon cut-off and the ordinary
holographic dark energy model HDE with ¢ = 0.8, 1, 1.2
[23,27-32]. Note that if « = § = 0 and y, = 1, then Eq.
(69) will reduce to Eq. (34) in Ref. [23] and this means that
the LECHDE model will reduce to the HDE model. In this

\/Q_A>
N
aQp ]

9cty2(1 — Qn) oD

@ Springer
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Fig. 3 The comparison evolution Q5 — a between the LECHDE and
the HDE models with the particle horizon cut-off for two models. The
dashed, dotted, and thick (green) lines represent the LECHDE model
forc = 0.8, 1, 1.2, respectively. The blue, red, and brown lines indicate
the HDE model for ¢ = 0.8, 1, 1.2, respectively

Fig. 4 The evolution 25 with respect to x = In(a) for the LECHDE
model with the particle horizon cut-off. The dashed, dotted, and thick
lines represent the LECHDE model for ¢ = 0.8, 1, 1.2, respectively.
Here, neither a nor 2, are normalized toag = 1 and 0 < Qp < 1.
The normalization is chosen for numerical convenience. For simplicity,
the inflaton energy density is assumed to be constant

figure, we can see that unlike the previous case the evolution
of Q2 with respect to the scale factor for the LECHDE model
with ¢ = 0.8, 1, 1.2 is slower than the evolution of 2 with
respect to the scale factor for the HDE model.

In Fig. 4, we have plotted the evolution of €25 with respect
to x = In(a) for the logarithmic entropy-corrected holo-
graphic dark energy model with ¢ = 0.8, 1, 1.2 [27-32].
For simplicity, we have neglected the change of the infla-
ton energy density with time. We see that as ¢ increases, the
energy density 2, becomes more dominant at earlier times.

Using Eqgs. (10) and (44), we obtain

5¢ x 1074 <1016Gev
H pr—
MP Treh

2
) N (52)

@ Springer

Also, using Egs. (7), (8), (12), (15), (16), (17), (48), and (49),
we find

27172 ;
R B (5 )

@ \H
ILs 1
exp 2c2/ % [(1 + )
:  RLH RuH
Ll
x(2—-— = —F—F5-—7—— .
v 9ctyi(l =)

Using (18) and (53) yields
H4 s Y 1
= — 4¢* 1
4 4m2¢? exP( ¢ /, RLH [( * RHH>
1 Q
X 2———01—A dr ). (54)
Yo 9cty2(1 —Qyp)
Using Eqgs. (7), (8), (15), (19), (48), and (49), we have
4c?y, 1 1
1 2—-—
Rﬁ[-ﬂ[( +RHH>< Yo

_9c4y3a(£12A— 9A>>]' &

ng—1=—4e+26 —

Fora = 8 = 0 and y, = 1, Egs. (53), (§4), and (55) will
reduce to Egs. (35), (36) and (37), respectively, in Ref. [23].
Using Eqgs. (8), (48), and (49), we obtain

2y,

2 112

RZH
OKQA

1 1
x [(1 * RHH> (2 T 9 - QA))} » (0

where ¢( is the main contribution in the inflation models
without the logarithmic entropy-corrected holographic dark
energy. In the above equation, the correction terms are as
follows:

2 1 1 Q
rre | mm) (-7~ s e )
RZH? RuH v 91— Qp)

(57)

€ =€y +

Using Eqgs. (35), (55), and (56), we find

10¢? 1 1
() (5

R;H? RuH g

OlQA
T 9cty2(1 - sm)] ' ©8)

As in the previous case, we can see that the effect of the
LECHDE model with the particle horizon cut-off is to make
the spectrum redder. Using the cosmological data [33] (the
correction to ng — 1 should be smaller than —0.05), Eq. (46),

ng —1 = —6€y + 2n —
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and the last term in Eq. (58), we obtain a constraint as follows:

24 x2 1 ax?

— {1+ 2—— —

5y2 5cy /v Yo 9cty2(25y2 — x4
—0.05 <0, (59

where x = gy Y = 0431 and y, is given in terms of

x, o, B, and ¢ by solving the following equation:

1+ x* I 25 x 108¢%y, +B
= —_— lmy — .
W 75 x 108¢*y, x4

(60)

The inequality (59) constrains the quantities H, Tiep, ¢, @,
and B at the early universe.

5 LECHDE model with Hubble cut-off in inflation

The Hubble cut-off is given by

L=H" (61)
Using Eqgs. (3) and (61) we find

oa =3c*MEH? + H*[a In(MjH %) + B]. (62)

Also, we can write Eq. (62) as follows:

pa = 3c*MyH?ys, (63)
where
L iz + ) (64)
= —— | In .
Yo 3C2Ml% P

Using Eq. (63) and inserting in Eq. (4), we have
Qp =y, (65)

In the flat FRW universe, using Egs. (5) and (63) for the
inflation model and the LECHDE model with the Hubble
cut-off, the Friedmann equation is given by

1
3MH? = 5¢>2 +V 432 MEH?y,. (66)

Now, taking the time derivative of Eq. (64) and using Eq.
(64) yields

. 29— 1) 20H
=H - . 67
1z |: T 3c2M§j| (67)

Also, taking time derivative of Eq. (66) and using Egs. (6),
(63), and (67) leads to

. aH? .
—2M3H [1 — @2y — D+ W} = ¢ (68)
P

Using Egs. (65), (66), and the slow-roll conditions, the Fried-
mann equation is obtained as follows:

3 M2

My
v (69)

%:,/1—%

Using Egs. (7), (8), (12), (15), (16), (17), (68), and (69), we
obtain

2MZH?
R = ;2 <%+¢)

s dH o
2 — 2y -1 ——>].70
xexp[/t H<C(V9 )~ sa—an) |7

Using (18) and (70), we find
H4
T 4x2g?

s dH o
4 — (2w -1 ——)].71
xexp[/t o (C(Ve '~ sa—an) |V

And, using Egs. (7), (8), (15), (19), (68), and (69), we have

ns—1=28—6|:4+4cz(2y9—1)—9 (72)

=
(I1-Qn ]

We assume V = Mﬁ [24] and insert Eq. (69) in Eq. (64) to
obtain

Yo = [In(3 — 3Q4) + 11. (73)

1
1+
+ 9¢2(1 — Q4)
In the 25 — O limit, Eq. (73) yields

0.233
2

Now in the 2, — 0 limit and using Eqgs. (74), (70), (71),
and (72) will change as follows:

o 2M§H2+2c2+0‘71 <£ . ¢) 5
M-22-07152 \ H ’
A +1.42
= g (76)
ns — 1= —e(@d+4c* + 1.753) + 28, (77)

where M is a constant with the dimension of energy. We
compare Egs. (75), (76), and (77) with Egs. (42), (43) and

@ Springer
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(44) in Ref. [23]. Then we can write the above equations as
follows:

7071

RLECHDE = RHDE 577 - (78)
142

PLECHDE = PHDE 3 777 (79)

(ng — DLECHDE = (ns — Dypg — 1.753e€. (80)

Itis seenthatinthe 2, — Olimit the effect of the LECHDE
model with the Hubble cut-off is to make the spectrum redder
than that of the HDE model.

6 Concluding remarks

In this work, we have investigated the inflation by logarithmic
entropy-corrected holographic dark energy LECHDE model
for different cut-offs. We have assumed that the inflaton field
does not couple to the logarithmic entropy-corrected holo-
graphic dark energy and hence it is not affected by the exis-
tence of the logarithmic entropy-corrected holographic dark
energy. Also, we have assumed that the LECHDE model
depends on the background and it does not create the per-
turbations. Therefore, the standard perturbation equations
remain unchanged. We have also assumed that the reheating
period occurs immediately after the inflation period. Con-
sidering these assumptions, we have compared our results
for the LECHDE model with the results of the HDE model
obtained in [23]. We have found that, for the future event
horizon cut-off (see Fig. 1), the evolution of 25 with respect
to the scale factor for the LECHDE model is faster than that
of the HDE model. Also, in the evolution of €2, with respect
tox = In(a), we found that, as c increases, the energy density
Q A becomes more dominant at earlier times for the LECHDE
model compared with the HDE model. For the particle hori-
zon cut-off (see Fig. 4), we have found that the evolution of
Q with respect to the scale factor for the LECHDE model
is slower than that of the HDE model. Also, in the evolu-
tion of Q4 with respect to x = In(a), we found that as ¢
increases, the energy density €24 becomes more dominant
at earlier times for the LECHDE model compared with the
HDE model.

We have derived the corrections to the spectral index pro-
duced by the LECHDE model with the event future horizon,
the particle horizon, and the Hubble horizon cut-offs, and
we found that the effect of the LECHDE model for all three

@ Springer

cut-offs is making the spectrum redder than the HDE model.
The requirement of consistency with the observational data
in the LECHDE model of inflation constrains the reheating
temperature and Hubble parameter by one parameter of holo-
graphic dark energy and two new parameters of logarithmic
corrections, compared to the HDE model.
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