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We derive a Higgs inflationary model in the context of holographic cosmology, where we consider a
universe filled with a Higgs field nonminimally coupled to gravity in a slow-roll regime. The amplitude of
density (scalar) perturbations is calculated. In this regard, we show that the background and perturbative
parameters characterizing the inflationary era are related to the standard one through corrections terms.
We found that for the e-fold number N ~ 58, the spectral index, 7,, and the tensor-to-scalar ratio, r, values
are 0.965 and 0.021, respectively, which are in agreement with 2018 Planck observational data. However,
as soon as we move from N ~ 58, the model is ruled out by the current data.
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I. INTRODUCTION

Inflation, which is a phase of accelerated expansion in
the early Universe, is originally aimed to solve some of the
hot big bang shortcomings such as the flatness, the horizon
and the primordial monopole problems [1-3]. The infla-
tionary scenario is not only appealing for solving these
problems, but also provides solutions to the primordial
density fluctuations which are necessary for the formation
of the large scale structure observed in the present Universe
[4]. Indeed, the inhomogeneities originated from the
quantum vacuum fluctuations of the inflaton field are
stretched on large scales, through the accelerated expan-
sion, and become classical to give rise to the structures we
observe nowadays. The theory of cosmological perturba-
tions is the key to study the inflationary scenario and it
provides also a good framework to determine the cosmic
microwave background (CMB) prediction as well as to
compute the power spectrum in order to make connection
with the observational data [5].

Despite its great successes, the inflationary paradigm
suffers from some problems especially at high enough
energies [6-8], where general relativity (GR) should be
modified. Within this spirit modification of gravity has
been the base of several models that have attracted so much
attention in the recent years, such as the braneworld
scenario [9—11] and models with a nonminimally coupled
(NMC) inflaton field [12—15].
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In the braneworld scenario, matter is confined on the
3-brane, while gravity can propagate in the five-
dimensional bulk. One of the most interesting braneworld
models was proposed by Randall and Sundrum (RS2) [16],
where our Universe corresponds to a four-dimensional
single brane embedded in a bulk corresponding to pieces of
a five-dimensional anti—de Sitter space-time (AdSs). This
model provides also a good framework for exploring
holographic ideas that have emerged in M-theory. The
AdS/CFT correspondence has been thoroughly studied in
the RS2 model and, in particular, the cosmology of a
homogeneous and isotropic brane whithin this framework
[17,18]. On its original formulation, the AdS/CFT corre-
spondence suggests that the five-dimensional gravitational
dynamics may be determined from the (quantum) dynamics
of the fields on a lower-dimensional boundary.

Among the many models of inflation, the simplest
realization comprises the introduction of a scalar field
(the inflaton). This hypothetical particle may appear in
different extensions of the standard model of elementary
particles. However, the only scalar field that has been
detected so far is the Higgs boson, whose existence was
confirmed in 2013 at the LHC [19,20]. The idea that the
Higgs field plays the role of the inflaton field has been
already discussed, for example in [21-26]. This is an
excellent way to connect inflationary models with known
particle physics and benefit from observational constraints
of both particle physics and cosmology, this way the model
will be more predictive. For a recent review on this topic,
please see Ref. [27].

Nevertheless, the major problem with Higgs inflation is
that the energy scale of the Higgs field is too small
to generate enough e-folds required to solve the
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aforementioned problems of the big bang cosmology
[28]. Indeed, the Higgs self-coupling value leading to
successful inflation, A ~ 1073, is not compatible with the
required value suggested by the standard model from the
measured Higgs bosons mass m = 125 GeV, 1~ 0.13. By
postulating a NMC between the Higgs field and the Ricci
scalar we ensure an excellent agreement with observa-
tional data [5]. Early ideas to consider a NMC with the
Higgs field were formulated, for example in [22].

The assumption of considering a NMC inflaton field to
gravity was already introduced quite some years ago
[12,13], where the motivation arises at the quantum level
when quantum corrections to the scalar field theory are
considered. Recently, this identification of a NMC term has
became again popular [29-40], supported by CMB mea-
surements as provided by the Planck satellite [5] as well as
by the discovery of the Higgs boson [19,20]. Several
studies in this field with some constraints on the value
of the NMC constant are being carried out in order to have a
theoretically consistent picture of the inflationary model
[29-36,41-44]. In the case of NMC Higgs inflation, it is
necessary to assume a large coupling constant to improve
the situation with the Higgs self-coupling value. For
the NMC Higgs inflation model [22,45-50] the NMC
constant, ay, is of the order of ~10*, while an upper bound
required to be of the order of ay < 2.6 x 10! was derived
in [51].

Furthermore, holographic cosmology seems a good
framework to study constraints on inflationary parameters.
Indeed, it was found that the AdS/CFT duality may
describe the inflationary era and provide good agreement
with observational constraints for a universe filled with a
scalar field [52] or a tachyon field [53] or even an induced
gravity model for both kinds of fields [54].

The purpose of this paper is to analyze the effect of the
AdS/CFT holographic duality on the dynamics of the
NMC Higgs field which plays the inflaton role. Indeed, we
will consider constraints from current Planck data under the
assumption of a NMC Higgs inflaton with a quartic Higgs-
like potential in the slow-roll approximation. Within this
framework, we will study the cosmological perturbations to
obtain the spectral index and the tensor-to-scalar ratio.
We will constrain the model using current observational
data [5]. In fact, current constraints from Planck data [5]
suggest an upper limit of the tensor-to-scalar ratio r < 0.1
(Planck alone) at 95% confidence level (C.L.) and
a value of the spectral index n; = 0.9649 4 0.0042 quoted
to 68% C.L.

This paper is organized as follows. In Sec. II, we describe
the basic setup of NMC to gravity. In Sec. III, we present
the scalar perturbations from a holographic point of
view. In Sec. IV, a Higgs inflation model is considered
taking into account observational constraints to check the
viability of the model. Finally, we present our conclusions
in Sec. V.

II. NONMINIMAL COUPLING TO
GRAVITY AND INFLATION

We consider a generalized Randall Sundrum model with
a NMC scalar field localized on the brane whose action
reads [37,55,56]

1
S = dx\/—g® | —Rs— A
Aulk Ve 2x2 >

+ A d*x\/—g ( f((/))R—%g“”V,lqﬁVUd)— V(¢) —A4),
(2.1)

where x%, Rs and As are the 5D gravitational constant, the
Ricci scalar of the five-dimensional metric ¢ and the bulk
cosmological constant, respectively. In the brane action, R
is the Ricci scalar of the induced metric g, f(¢) is the NMC
of the scalar field ¢ to induced gravity on the brane, V() is
the scalar field potential and A, is the brane tension.

The gravitational equations on the brane, for a
vanishing cosmological constant, can be obtained from
Eq. (2.1) as [56]

-E

4 ~
G,” = Ki w Tt K‘én s

v

(2.2)

where «7 is related to the gravitational constant on the

brane, the total energy-momentum tensor TW is given by

T/w = T/w - 2f(¢)G;(i), (23)
1
T/w = vu¢vu¢ - Eg;u/(vd))z - gﬂuv(¢)
+ ZV”VVf = 200fg,,, (2.4)

the quadratic energy momentum tensor I1,,, reads

1~ -~ 1 ~-~ 1 Y e 1.
HﬂD:_ZTﬁT}W—’_ETTﬂ”—’—ggﬂV (TaﬁTaﬁ_gTz), (25)

and E,, is the projected Weyl tensor on the brane which
represents the effect of the bulk geometry.

The total energy-momentum tensor is conserved on the
brane as [56]

v, T, =0. (2.6)
The equation of motion takes the following form [56]:
b+3Hp+V4—f4R=0, (2.7)

where the dot corresponds to a derivative with respect to the
cosmic time and the subscript ( ;) denotes a derivative with

respect to the scalar field ¢ and R = 6(H + 2H?).
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On the other hand, the gravitational field equations of the
brane, for a vanishing cosmological constant, within the
holographic scope can be written as [37,52,57]

G\ = 3(T,, + TS, (2.8)

where T/w is the total energy-momentum tensor given in
Eq. (2.3), and T} " denotes the energy-momentum tensor
of the cutoff version of conformal field theory (see [52] for
further details). We highlight that Eq. (2.8) can be rewritten
as Eq. (2.2) (see Ref. [57]). We will use this fact when
calculating the perturbations.

The modified Friedmann equation in the context of the
holographic view point for a homogeneous and isotropic
universe with a vanishing spatial curvature and in absence
of a cosmological constant reads [37]

1
H? = — [u: 1--2 }
dck eff Pmax

where ¢ is the conformal anomaly coefficient, k.4 =
k3/(1 +2k3f(¢)), p is the energy density of the brane,
Pmax = 3/8¢k’ s and the sign (&) shows the existence of two
branches of solutions. We recover the standard form of the
Friedmann equation at low-energy limit p << p,,,,« and for the
limit f — 0, but only on the negative branch. On what
follows, we will focus our analysis on this branch. From
Eq. (2.4), the energy density and pressure can be defined as

(2.9)

p=%¢2+v—6fH, (2.10)

p:%¢2—v+2(f+2Hf). (2.11)

During the 1nﬂat10nary epoch and assummg a slow-roll

expansion [58], i.e. gb <V, ¢<<3H¢ and f<<Hf<<H2f
the Friedmann equation (2.9) reduces to

1
H? ~ s—[1-v1-U], (2.12)
dex eff
where the dimensionless parameter U is given by
\%4 8c1< V
U= —eft 2.13
Vmax 3 ( )
Also, the equation of motion (2.7) reduces to
. Vy—fgR
o 2.14
bt (2.14)
|
1~ ~
—5Pop
oIl = ( 1 o i1/~
a='pégqt [P+

p)5p + poplo,

III. SCALAR PERTURBATIONS FROM
HOLOGRAPHIC COSMOLOGY

In this section, we analyze the generation of the
cosmological perturbations from the seeds corresponding
to the quantum fluctuations taking place during inflation.
Scalar perturbations of a Friedmann-Lematre-Robertson-
Walker (FLRW) background in the conformal Newtonian
gauge are given by [59,60]

ds* = —(142®)ds* + a*(1)(1 — 2¥)5;;dx'dx’,  (3.1)
where a(t) is the scale factor, ®(¢,x) and W(z,x) are the

scalar perturbations. Our starting point is the perturbed
Einstein equations [61]

SGIM = K 28TH + k4TI — SEL. (3.2)

For the above perturbed metric, one can obtain the
individual components of Eq. (3.2) as follows [61]:

2

. \V4 -
6H(Y + HO) —2— ¥ = 36T + k2611 — 6EY,  (3.3a)
a
—2(¥ + H®) ; = 3679 + x2oT1) — SE?, (3.3b)
. . . . V2
6V + 6(3H? + 2H)® + 6H (D 4 3¥) +4— (© - V)
a
= k35T, + 12611, — 6E',, (3.3¢)
1 ‘
(- @)’ = k36T, +ki6Tl, = 6E',, i#j. (3.3d)

The right-hand side of Eq. (3.2) is the sum of the
perturbed energy momentum tensor 677, given by [61]

N —p adq ;
o = < 5po . + 577".>’
J J

_ d_l S q,i
where 6p is the perturbed total energy density, g is the
perturbed total momentum, Jp is the perturbed total
pressure and the total anisotropic stress tensor is 5&; =
(AL —165A)67% with Al = 8,0,0; so that one has A = A/,
The second part of Eq. (3.2) is the perturbed quadratic
energy momentum tensor SI1, which can be written as [61]

(3.4)

éaﬁ&?,i

— 1 (p+3p)on; ) 53
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and the projected Weyl tensor SE',. As stated before this
tensor is determined by the effect of the bulk geometry, i.e.,
it cannot be written in the local covariant form. Hence the
set of equations (3.3) is not closed. We may parametrize the
scalar perturbations of E,, as an effective fluid as [62,63]

—op adqr;
5E”V:—Ki< T ) (3.6)
—a~'6qy 30ppd; + omy;

with 8pg is the density perturbation, 1 8py is the isotropic
pressure perturbation, éz is the anisotropic stress pertur-
bation and dgp is the energy flux perturbation (see
Refs. [62,63]). As we have already mentioned, brane
parameters cannot be determined freely since they are
influenced by the bulk through the boundary conditions
[64]. Here, we use the quasistatic approximation which is
useful for structure formation. Therefore, we neglect time-
derivative terms relative to gradient terms. It can be shown
that g5 = O (see the Appendix for details and justification
of this assumption).

We apply a Fourier transformation to the scalar pertur-
bations in order to study the evolution of the linear
perturbations, thus we decompose the function (¢, x) into
its Fourier components y(7) as follows:

1

wltx) = — / 0y (1) k.

ik (3.7)

where k represents the wave number k. The perturbed
equations (3.3) read

. K? K[ p
H(‘P+H(I))+—2‘P:—— opl 14+= | +6pg|, (3.8a)
3a 6 c
. K2 P
(¥ + HD) = —?4 (l +—> adq, (3.8b)
c
. ) . . . 2k2
¥+ (3H* +2H)D + H(® + 3¥) _F(CD_T)
a
2 D D+ P 2
_l [5j;<1 +£> +5ﬁ<’0—+ p) +—k257r5}, (3.8¢)
2 c c 3
p+3p

(¥ — @) = —x3a? {57:(1 -

) +57rE], (3.8d)

6K2
where ¢ = —# = —£mx
Ké (1+2K§ f)?

effective derisity, the energy flux, the pressure and the
anisotropic stress perturbation, respectively, as follows:

and we can split the perturbed

2

: k
5p = 6p — 6HSf + 12f [H(‘P + HO) + F‘I’} . (3.9a)
a

adgq = adq + 4f (¥ + H®), (3.9b)

Sp=06p+2(3H?+2H)5f

.. . . . k2
—4f ‘P+(3H2+2H)<1>~|—H(<I>+3‘I‘)—3—2(<1>—‘P) ,
a

(3.9¢)

(¥ - @)

Then the perturbation equations (3.8) reduce to

. k2 Rt 1
HW+H®)+-—P=—"|5 _Spi|.  (3.10
(e 1) 5 W= | (310
. K efp
(¥ + H®) =~ asq, (3.10b)
. s . .2k
¥ (3H? + 2H)® + H(D + 39) ~ T (0~ ¥)
a
_ R [5 L Ralh
2 (145)?
2k (1 2&%eif (Mﬁ)) ]
+ = (=- o ) snp | 3.10c
<1+§><3 a+y )7 (3100
[l + 263 f(1 +2
(P —®) = 2~ ff[ ha K“zf( ”)j (67 + b7),
(1+D)[1 + 23 f(1 = 22)]
(3.10d)

where K- = (1427 (142)] and
8p = [~d" + 12HFI® + V 46 + ¢ 5¢p —6HSS

2 ..
+ S ASf +6f Y, (3.11a)
a

adq = —pp + 2HSf — 25f + 2f P, (3.11b)

5p = [~¢* — 8fH — 4F]® — V 46 + ¢ 5 +AHSS + 25f

4 o .
~ 5.2 80f ~2f (& +29). (3.11¢)
a
i 2 ]
b} =~ 3f . (3.11d)

The perturbed equation of motion for the scalar field is
given by [55]
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2
5+ 3HS5¢ + (V_¢¢ + % -R f,M) 5¢
= p(3¥ + @) + (2f 4R -2V ;)@
2o K>
+2f 4 K?— 3H><I> —2 5

—3(V 4+ 4HY + H® + HD + 4H2c1>)} . (3.12)

This equation can be strongly simplified within the slow-
roll approximation at large scales, k <« aH. This is so, as
the scales of cosmological interest have spent most of their
time far outside the Hubble radius and have reentered only
relatively recently in the Universe. Therefore, large scales
k < aH is an acceptable assumption. When this condition

1s satisfied <i), ‘i’, ® and W can be neglected [65,66]. Then,
Eq. (3.12) reduces to

8¢+ 3HSP + (V 4y — 12Hf 4450 = =2V ,®.  (3.13)

By following a similar reasoning, using Eqgs. (3.8b), (3.9b)
and (3.11b), we can therefore relate the scalar perturbation
@ to the fluctuation of the scalar field d¢ as

Rt (p — 2Hf 4)

b =
2H

5. (3.14)

Here, we define one of the most commonly used gauge
invariant combinations in terms of matter and metric
perturbations which is the comoving curvature perturbation
given by [67]

H
R=Y- 57.

p+Pr

(3.15)

From Egs. (2.10), (2.11) and (3.8b) by adopting the slow-
roll regime and the large scale condition, we find

H
R=WVY+-= — 0.
Tonraerarn?

(3.16)

In our analysis, we use the gauge invariant variable in the
spatially flat gauge where W = 0. This variable is defined as

5¢WE5¢+Z|:1+2Kif<1+i>]lP. (3.17)

Using Egs. (3.8b), (2.14) and (3.14) to eliminate the
remaining metric perturbations. In this gauge Eqto elimi-
nate the remaining metric perturbations, in this gauge,
Eq. (3.13) can be written as

¢, +3HSP,,
V4 (Vy—6Hf 4)

|V gy — 12H2f gy~ Ry P

8¢, =0.
(3.18)

Introducing a new variable v = ad¢y which is called
the Mukhanov-Sasaki variable, the perturbed equation of
motion Eq. (3.18) can be rewritten as

1 1
1}”—2<l/2—4>1}: s
T

where the prime denotes the derivative with respect to the
conformal time 7 and the term v, to a first order, is given by

(3.19)

3
u:§+e—n+§+2)(,

; (3.20)

where the slow-roll parameters are defined as follows:

H 1 (Vi\2
=-—c~c—|(— | C;/, 3.21
T 2K3<V> fe (3.21)
\%4 1 /V
_ YV 9\ D)
="~ |—|C,/, 3.22
=30 K§<v> fie (3.22)
_ RV (Vg = 6f 4H)
4= 1857
L2G(L= f o)1+ (1+ 23f)F] (3.24)

T P+ (1+220) (1 + 262 fFy)]

where we have introduced corrections terms (respect to the
standard 4D case) defined as

; 1422 (14+V1=U)?
clo -0t K%T_% U ap yF) (1= £ 4Fy).
(3.25)
C(flfz.:(1+2kif)(;+VI_U), (3.26)
. 4K26ffV
F, “ Vi, (3.27)
Fy=(1422f)[U - 4fc*(1 = V1 =U)]. (3.28)

These corrections terms depend on both the effect of the
holographic cosmology (through U terms) as well as the
NMC (through f terms). One can notice that at the low
energy limit (V < V,,) and for f — 0O, the corrections

123540-5



BARGACH, BARGACH, BOUHMADI-LOPEZ, and OUALI

PHYS. REV. D 102, 123540 (2020)

terms reduce to one and the standard expressions of the
slow roll parameters are recovered. These corrections terms
can reproduce exactly the same form obtained for constant
S in [54].

Finally we obtain the solution for (3.19) as [7]

aH k \3iv

= — . 3.29

VTS (aH ) 529

The power spectrum for the scalar field perturbations is
given by [67]

2

_Ankd v

o = W (3.30)

; .
We are now ready to calculate the spectral index of the
power spectrum given by [67]

dInP
n—1= (20000 —3-2.  (331)
dink ),_.u

In terms of slow-roll parameters and to a first order, the
spectral index reads

n.~1-2e+2n—4y. (3.32)

The power spectrum of the curvature perturbations in our
model is given by [67]

ooty Ak
ST 25 R 25 (2n)3

IRP? (3.33)

_( 2H >2P
~ \spll+22f(1+2)])

(3.34)

and can be rewritten in the slow-roll approximation as

JEO H*
Y25027) @71 + 2fx3(1 + 2))
6173
KV
~ 4G, 3.35
751°V3 fe (3.35)

where the correction to the standard four-dimensions
expression is given by
b)\ =3 _
Gre = (CY)T 11 =2f yF1)(1+ 263 f) (1 + 263 F2)] 2.
(3.36)

This correction term depends on the NMC and on the
holographic cosmology effect. It reduces to one at the low
energy limit, i.e., U < 1 and for f — 0.

IV. HIGGS INFLATION MODEL

In this section, we formulate a Higgs inflationary
model from a holographic cosmology perspective as we
have developed in the previous section. We will take into

account observational constraints in order to check the
viability of the model. In the Higgs inflationary model, the
quadratic form of the NMC and the Higgs potential are
respectively [68]

1 2
1) =50+ @)
A 4
V) =4 2)

where a, is a coupling constant and 4 is the Higgs self-
coupling. Both quantities are dimensionless.

The inflationary regime refers to large values of the field.
Inflation takes place when agk3¢* > 1. Thus, the dimen-
sionless parameter U, defined in Eq. (2.13), is too small,
i.e., U < 1. Therefore, we can determine the range of
values for the lower bound on the coupling constant by
using the expression of the dimensionless parameter U. In
this limit, we find

2¢
ay > %~2>< 103,

for ¢ =4 x 107 and 1 = 0.13. Those values are given in
[53,54,68], respectively. On the other hand, successful
Higgs inflation is possible only if the Higgs field has a
large NMC which allows to align the spectrum of primor-
dial perturbations with observational constraints [22].
Furthermore, while this large value of the NMC is in
agreement with our result, it induces a unitarity violation at
tree level. Before concluding this section, we will come
back to this issue.

Figure 1(a) shows the variation of the dimensionless
parameter U versus the conformal anomaly coefficient ¢
and the scalar field ¢ for different values of the NMC
constant «,. Figure I1(b) shows the variation of the
dimensionless parameter U versus the NMC constant
and the scalar field ¢ for different values of the conformal
anomaly coefficient c. We conclude from these figures that
a noticeable effect of the holographic cosmology and the
NMC is usually at large values of the scalar field as we are
looking for a small value of U but still different from zero.

The number of e-folds during inflation is given by

1y
N:/ Hdt,
14

which in the slow-roll approximation can be written as

Ng_/qs/ 2% (1 -/ 1-U)
i U’¢+4f’¢K26ff(—2+U—|—2\/ 1 —U)

(4.3)

(4.4)

dp, (4.5)

where ¢; being the value of the field at the crossing horizon
and ¢y its value at the end of inflation.
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O (10:108

FIG. 1.

In the large-field limit, using Eqgs. (4.1) and (4.2) the
number of e-folds (4.4) reads
¢f)
log < .
bi

Inflation stops at ¢ =1 and Eq. (3.21) together with
Egs. (4.1) and (4.2) implies

(cA—3a3)
4agcld

(4.6)

8(2 4 apkid?)

&

< 2(101('42‘452 >
2+ apid?)2-§+5)
0‘0&21(152

x(l— 2).
2+ akzp*)2-5+Y5)

€ =

(4.7)

H oo=1.1108
W ap=12108

Evolution of the dimensionless parameter U versus the conformal anomaly coefficient ¢ and the scalar field ¢, for A = 0.13.

Figure 2 shows the evolution of the number of e-folds N
against the Higgs field for a Higgs self-coupling 4 = 0.13.
We plot in Fig. 2(a) the evolution of N against the Higgs
field for different values of the NMC «, while we fix the
conformal anomaly coefficient to ¢ = 2 x 107. In Fig. 2(b)
we plot the evolution of N against the Higgs field for
different values of the conformal anomaly coefficient ¢
while we fix the NMC to ay = 10%. We conclude from
these figures that we can find a range for the Higgs field for
which the number of e-folds is in the appropriate
range 50 < N < 70.

We can as well derive the scalar perturbation, given
Eq. (3.35), and the scalar spectral index, see Eq. (3.31), at
the horizon crossing. They read

2apk3”

. S (1+ (1 + api3?)[(2 + apiip®) U — 2(1 + agii®) (Y = 4)) > (1 B
(

S 480072

(2 + aokig?)* (1 =3+

4(2 2 12 2 2 12 2 12 U U2
n,:l—MP(l— doksf 2)(1— Aok 2>+3<2——+—>}
K3 2+ akid®) (2 -5+ 5) 2+ ai¢?)2-5+5) 2 4
— 24a, (4.8)
100 . - 100 . -
e c=2x10’
7
80| o 80 c=3x10%
//// 7
=z 6ol /// an=10% z el c=4x10 o
/// 0 -
v N o _
ol / —— ap=1.1x10% wl T
o —— ap=12x10%] - g f"!f
wl L. s . L . | T A . s . .
0 0 20 30 40 S 60 0 10 20 30 40 S0 60
ky é ky ¢
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FIG. 2. Evolution of N, the number of e-fold, versus the scalar field ¢ for 2 = 0.13.

123540-7



BARGACH, BARGACH, BOUHMADI-LOPEZ, and OUALI

PHYS. REV. D 102, 123540 (2020)

1.00 ~— . :
099 _\\\\\\\ ap=10°
. 5
SRR —— ap=1.1x10°
0.98 SONON ;
\\\\\\\\\ S— 0‘0:1.2)(108
= 0.97L =
0.96
0.95
0.94 .
16 18 20 22 24 26 28 3
Ky @
(@)

FIG. 3.
data [5] with the gray horizontal region.

L 16(2 + agi3?) (2 -

1.00 —— Y '
\ \ ; 8
00:10
0.99F NN\ s
1 \\ \\ . ao:l.lxlO
0.98} \. . . — ap=12x10° ]
0.96 oy Ny ~ :
\\ N\ \\
0.95f \ N \
\ \ \
0.94L - ) 0 v
50 60 70 8 9% 100
N
(b)

Evolution of 1, versus the number of e-folds N for A = 0.13 and ¢ = 2 x 107. Also, we show the 15 bound on 7, from Planck

aolcﬁgbz

(1 +

respectively.

We show in Fig. 3 the evolution of 7, for 4 = 0.13 and
¢ =2 x 107, together with the bound on n, from Planck
data [5]. In Figs. 3(a) and 3(b) we plot n, versus the Higgs
field ¢ and n, versus the number of e-folds N, respectively.
Both plots are made for different values of the NMC ay.
We notice that the predictions of n, are consistent with
Planck data.

We next evaluate the tensor-to-scalar ratio to further check
the viability of our model. Using Egs. (4.1), (4.7) and (4.6),
we plot in Fig. 4 the variation of the NMC function f(¢)
against the number of e-folds in the range 50 < N <70 for
A =0.13, a, = 10% and ¢ = 4 x 107. This figure shows that
f(¢) does not change much. In this case, we can use the
expression of tensor perturbations for a constant induced
gravity correction at the Hubble crossing which reads [69]

22 (H? H
Az =4 F2(=), 4.10
T 25< > U (4.10)
5.
4.
g
= 3f
“Q
v—lz_
1.
0L . . . .
50 55 60 65 70

N

FIG. 4. Evolution of f(¢) versus the number of e-folds N for
2 =0.13, ay = 10% and ¢ =4 x 10"

§+ DI+ arig?)U = 2(1 + apeid?) (§ = 5) <1 _
(1 + apr3?)[(2 + agkip?) U — 2(1 + ape3?) (Y — L)) (

, 4.9
2+a0;<%;¢2)(2—g+lf)> (49)

|
where u = «3/k2(1 —y), v is the induced gravity constant
and the function F(x) is given by

F2(x)=y+(1-y) {\/1 +x2—x2 arcsinh%]. (4.11)

In our model and within the slow-roll approximation,

we find
2
1- \/1 + dagkig? (g - UT>

2
e+ am)(5-5)

« arc sinh <\/4(2 + ape?) (9 - U;)) 1] -

(4.12)

i’
3007%(1 + agkid?)

A7 =

Finally, the ratio between the amplitudes of tensor and
scalar perturbations is given by

(4.13)

In Fig. 5, we plot the evolution of r versus the number of
e-folds N for 2 = 0.13 and ¢ = 2 x 107. It is important to
notice that the tensor-to-scalar ratio lies within the bound
imposed by Planck data in an extremely small range of N
which is around ~58.48.

Finally, to compare the consistency between our theo-
retical predictions for a NMC Higgs field and observations
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FIG. 5. Evolution of r versus the number of e-folds N for
A=0.13 and ¢ =2 x 107. We show also a subplot where we
have zoomed the wanted range for which our predictions lies in
the bound imposed by Planck data. The horizontal red line
indicates the upper bound for the tensor-to-scalar ratio imposed
by Planck data.

we plot the (n,,r) plane in Fig. 6, where we show
constraints from the Planck TT, TE, EE + lowE +
lensing data (gray contour) and Planck TT, TE, EE +
lowE + lensing + BK14 data (red contour). We can see
that our predicted parameters lie inside the 95% C.L. of the
Planck data for the two values of the selected number of
e-folds for ay = 108, A =0.13 and ¢ = 2 x 107.

The large NMC to gravity, which ensures successful
Higgs inflation, violates at tree-level unitarity at a scale
corresponding to inflation [70-76]. This means that the
theory as it stands is incomplete. The unitarity cutoff scale
of the theory has been extensively studied in several works
due to the importance of Higgs inflation, see for example
[77] for some proposed solutions to this problem.

Let us check the tree-level unitarity violation of the
effective field theory for the model under study in the large
field regime. Since the Higgs field is NMC to the Ricci
scalar of the induced metric, the standard 4D result is
expected to remain true for our model also i.e., the effective
field theory holds only at energy scales not higher than

0.20 [~

m TT.TE.EE+lowE+lensing
0.15F m TT.TEEE+lowE+lensing+BK14

= 010
+ N=58.487362
0.05F « N=58.487364

>

*

0

T e S
0.93 094 095 096 097 098 0.99

ne

FIG. 6. Plot of the tensor-to-scalar ratio r against the scalar
spectral index n, for ay = 108, 1 =0.13 and ¢ = 2 x 10”. The
marginalized joint 68% and 95% confidence level contours
(n,, r) using Planck alone and in combination with BK14 data.

1

~— 4.14
PV, (4.14)
In standard inflation, the inflationary phase exits at
(e=1) ie.,

1
K4\/05—0‘

This means that the tree-level analysis is invalid due to
unitarity violation at the scale (1/k;ap). Due to the
complexity of the expression of e in our model
[Eq. (4.7)], we plot in Fig. 7 the Higgs field values at
the end of inflation with respect to the conformal anomaly
coefficient ¢ for different values of the NMC constant a
and for 4 = 0.13, together with the upper bound of unitarity
given by k4, = 1/ay. We see from this figure that x,¢ is
significantly larger than the upper bound which we
present by horizontal regions for different values of the
NMC constant. We notice that for ¢ < 10%, k4¢p ¢ are almost
constant whatever the value of ay. On the other hand, we
can see from Fig. 1 that the holographic duality (through
the anomaly coefficient ¢) has a noticeable effect on the
standard cosmology dynamic only for large values of the
anomaly coefficient (¢ ~ 107). This justifies the choice of
the large values of the c-parameter in the paper for which
the imprints of holographic cosmology appear clearly. This
range is also appropriate for the inflationary parameters in
the context of the holographic duality [52-54]. For
¢ > 108, the behavior of K4y changes but is still well
above the unitarity bound for all values of the NMC
constant. The minimum in this figure shows the maximal
value of the conformal anomaly coefficient corresponding
to U = 1 for example for ay = 10°, ¢y ~ 10'3.
Unfortunately, a typical inflation scale will be higher
than our unitarity bound. So, the scale of the tree-level
unitarity is violated. This result is not influenced by the
values of the conformal anomaly coefficient. However, as

by~ (4.15)

T - - - - .
———————— S -
0.1} - ]
o ao:lolo SN - 1~ -
~/ ~q
4 ¢Z()=108 \\ |
-4 ~
L 20=108 ~J
=~ 0=
<
< 10-7 | Unitarity Bound
Unitarity Bound
-10
10 Unitarity Bound ]
10—13 L "l i - oy 1
104 108 1012 1016 102

C

FIG. 7. Evolution of ¢, versus the conformal anomaly coef-
ficient ¢ for 1 = 0.13. We show the unitarity bounds with the
horizontal regions for different values of the NMC constant.
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mentioned in [48,78], this result does not necessarily spoil
the self-consistency of the Higgs inflationary scenario.

V. CONCLUSIONS

In this paper, we have studied an inflationary scenario
where the field is NMC with gravity in the framework of
holographic cosmology from a braneworld point of view in
the Jordan frame. We carried our analysis with a slow-roll
approach.

Furthermore, we have analyzed the model from a
background and a perturbative analysis obtaining the
representative parameters as shown in Secs. II and IIL
The holographic nature of the setup together with the
effect of the NMC is manifest through the existence of
corrections terms for the standard background and pertur-
bative parameters.

As an application of the model we have developed a
Higgs inflationary model, where we have assumed a Higgs
field NMC to Ricci scalar. In a large field limit, a quartic
potential with a self-coupling A =0.13, as fixed by
observations [68], and a NMC a, = 10% with a conformal
anomaly coefficient ¢ = 2 x 107 lies extremely well with
observations made by Planck 2018 for a number of
e-folds N ~ 58.48, where the value of the scalar spectral
index and the tensor-to-scalar ratio turned out to be
n, = 0.965 and r = 0.021, respectively. However, as soon
as we move from N ~ 58.48, the model is ruled out by the
current data.

As we have already mentioned, the Higgs field is the
unique scalar field in the standard model of particle
physics, i.e., it is the most economical model when
Higgs itself can drive inflation. In this paper, we deal with
an inflationary model driven by the Higgs confined on a
brane which could be seen as one of the economical models
and also it is in good agreement with observations as
noticed in the previous section (see Fig. 6). A comple-
mentary study of the unitarity violation at tree level is
needed to determine the validity of our analysis. We will
leave this question for future work.
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APPENDIX: WEYL TENSOR FOR A
BRANEWORLD MODEL WITH A GENERAL
INDUCED GRAVITY TERM

In Sec. III, we showed that the trace-free projection of the
five-dimensions Weyl tensor, E%, cannot be neglected at the
perturbative level since it encodes the effects of the bulk
gravitational field on the brane. In this Appendix, we show
that instead of neglecting 0E?,, we parametrize this tensor as
an effective fluid [see Eq. (3.6)] and then we find a relation-
ship between its components. Our objective in this Appendix
is to check if a similar result, as the one in [63] for the Dvali-
Gabadadze-Porrati (DGP) model, can be obtained for a
braneworld model with a general induced gravity term.

Our starting point is the Bianchi identity,

V,G;, =0, (A1)
and the equation of conservation of the energy-momentum
tensor, Eq. (2.6). From Eq. (2.2), one obtains [63]

V,E;, = 5V, I, (A2)
The (z,¢) and the (0, i) components of the perturbed four-
dimensions field equations Eq. (A2) are given, respectively,
by [63]

. 1 p+ D).
84s -+ 4Hbq; + 5 (9p + 200m) = - Q PA, (A4)
where pA = (6p — 3H5g). Using the quasistatic approxi-
mation, we can neglect time-derivative terms relative to
gradient ones; we get from Eq. (A3)

oqr = 0. (A5)
Furthermore the Bianchi identity suggests that there exists a
family of solutions characterized by [63]

opp = C(op p)k*émg. (A6)

In order to obtain the correct form of the function C(op p)
some global five-dimensional perturbation analysis of the
Weyl fluid for a RSII with induced gravity model will be
necessary to solve this issue.

In this paper, the result (A5) is enough to continue our
investigation. Thus, we have checked this result for a
braneworld model with a general induced gravity term
which has an anti—de-Sitter space-time bulk geometry.
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