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inflationary magnetic field from: (1) tensor-to-scalar ratio (r), (2) reheating, (3) leptoge-
nesis and (4) baryogenesis in case of Randall-Sundrum single braneworld gravity (RSII)
framework. I also establish a direct connection between the magnetic field at the present
epoch (By) and primordial gravity waves (r), which give a precise estimate of non-vanishing
CP asymmetry (ecp) in leptogenesis and baryon asymmetry (1) in baryogenesis scenario
respectively. Further assuming the conformal invariance to be restored after inflation in
the framework of RSII, I have explicitly shown that the requirement of the sub-dominant
feature of large scale coherent magnetic field after inflation gives two fold non-trivial char-
acteristic constraints- on equation of state parameter (w) and the corresponding energy
scale during reheating (pi}/f) epoch. Hence giving the proposal for avoiding the contribu-
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reheating characteristic parameter (R,;) and its rescaled version (Rs:), to achieve large
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as obtained from recently observed Planck 2015 data and Planck+BICEP2+Keck Array
joint constraints. Using all these derived results I have shown that it is possible to put
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1 Introduction

Large scale magnetic fields are ubiquitously present across the entire universe. They are
a major component of the interstellar medium e.g. stars, galaxies and galactic clusters

1Tt has been verified by different astronomical observations, but their true

of galaxies.
origin is a big mystery of cosmology and astro-particle physics [3-6]. The proper origin
and the limits of the magnetic fields within the range O(5 x 10717 — 10~!4) Gauss [7] in
the intergalactic medium have been recently studied using combined constraints from the
Atmospheric Cherenkov Telescopes and the Fermi Gamma-Ray Space Telescope on the
spectra of distant blazars. The upper bound on primordial magnetic fields could be also

obtained from the Cosmic Microwave Background (CMB) and the Large Scale Structure

"Magnetic fields in galaxies have a strength , O(5 x 107% — 10™*) Gauss [1] and the detected strength
within clusters of galaxies is, O(107% — 107°) Gauss [2].



(LSS) observations, and the current upper bound is given by O(10~?) Gauss from Faraday
rotations [8, 9] and the lower bound is fixed at O(107!%) Gauss by HESS and Fermi/LAT
observations [10-12]. If the magnetic fields are originated in the early universe, then
they mimics the role of seed for the observed galactic and cluster magnetic field, as well
as directly explain the origin of the magnetic fields present at the interstellar medium.
Among various possibilities, inflationary (primordial) magnetic field is one of the plausible
candidates, through which the origin of cosmic magnetic field at the early universe can
widely be explained. Within this prescribed setup, large scale coherent magnetic fields
and the primordial curvature perturbations are generated from the quantum fluctuations.
However explaining the origin of cosmic magnetic field via inflationary paradigm is not
possible in a elementary fashion, as in the context of standard electromagnetic theory
the action:?

1
SEM = —4/d4x V=g ga“gﬁ”FWFag (1.2)

is conformally invariant. Consequently in FLRW cosmological background for a comoving
observer u, the magnetic field:

1
Bt = —56“”0‘5ul,Fa5 =" Py, (1.3)

always decrease with the scale factor in a inverse square manner and implies the rapid
decay of magnetic field during inflation. In a flat universe, this issue can be resolved
by breaking the conformal invariance of the electromagnetic theory during inflationary
epoch.®> See refs. [13-26] for the further details of this issue. Due to the breaking of
conformal invariance of the electromagnetic theory the magnetic field gets amplified. On
the other hand, during inflation the back-reaction effect of the electromagnetic field spoil
the underlying picture. Also the theoretical origin and the specific technical details of the
conformal invariance breaking mechanism makes the back-reaction effect model dependent.
However, in this paper, during the analysis it is assumed that after the end of inflation
conformal invariance is restored in absence of source and the magnetic field decrease with
the scale factor in a inverse square fashion. Also by suppressing the effect of back-reaction

’In eq. (1.2), F,, is the electromagnetic field strength tensor, which is defined as,
F.. =0,A,, (1.1)

where A, is the U(1) gauge field.
30ne of the simplest, gauge invariant model of inflationary magnetogenesis is described by the following
effective action [14]:

1 o v
Sen = — [ d'5 VZL0) 69 FFs (1.4)

where the conformal invariance of the U(1) gauge field A, is broken by a time dependent function f(¢)(x a®)
of inflaton ¢ and at the end of inflation

f(@ena) — 1. (1.5)



after inflation, in this work, I derive various useful constraints on- reheating, leptogenesis
and baryogenesis in a model independent way.*

The prime objective of this paper is to establish a theoretical constraint for a generic
class of large field (|A@| > M,)5 and small field (|A¢| < M,) model of inflation to explain
the origin of primordial magnetic field in the framework of Randall-Sundrun braneworld
gravity (RSII) [28-36, 39-42] from various probes:

1. Tensor-to-scalar ratio (r),
2. Reheating,

3. Leptogenesis [43-45] and
4. Baryogenesis [46-49].

Throughout the analysis of the paper I assume:

1. Inflaton field ¢ is localized in the membrane of RSII set up and also minimally
coupled to the gravity sector at the membrane in the absence of any electromagnetic
interaction. In this situation the representative action in RSII membrane set up can
be expressed as:

3

S = /d%\/? []\/2[5}35 — 275 — { <; (8¢)* + V(qb)) + 0} 5(y)] ,  (1.8)
where the extra dimension “y” is non-compact for which the covariant formalism is
applicable. Here Mj5 represents the 5D quantum gravity cut-off scale, A5 represents
the 5D bulk cosmological constant, ¢ is the scalar inflaton localized at the brane
and /—G is the determinant of the 5D metric. It is important to mention that, the
scalar inflaton degrees of freedom is embedded on the 3 brane which has a positive
brane tension ¢ and it is localized at the position of orbifold point ¥ = 0. The exact
connecting relationship between M5, As and o is explicitly mentioned in the later
section of this article. Also for the sake of simplicity, in the RSII membrane set-
up, during cosmological analysis one can choose the following sets of parameters to
be free:

e 5D bulk cosmological constant As is the most important parameter of RSII set
up. Only the upper bound of Aj is fixed to validate the Effective Field Theory

4 Additionally it is important to mention here that the back-reaction problem is true for some class of
inflationary models. But on the contrary there exist also many inflationary models in cosmology literature
in which back-reaction is not at all a problem [23, 24, 27]. For completeness it is also mention here that,
in the original model proposed as in [14], back-reaction is not an big issue in the relevant part of the
parameter space.

®Field excursion of the inflation filed is defined as:

A¢ = ¢cmb - ¢end7 (16)
where ¢cmpb represent the field value of the inflaton at the momentum scale k which satisfies the equality,
k=aH =—-n""~ k., (1.7)

where (a, H, n) represent the scale factor , Hubble parameter, the conformal time and pivot momentum
scale respectively. AlSO ¢ena is the field value of the inflaton defined at the end of inflation.



framework within the prescribed set up. Once I choose the value of As below
its upper bound value, the other two parameters- 5D quantum gravity cut-off
scale M5 and the brane tension ¢ is fixed from their connecting relationship as
discussed later. In this paper, I fix the values of all of these RSII braneworld
gravity model parameters by using Planck 2015 data and Planck+BICEP2/Keck
Array joint constraints.

e The rest of the free parameters are explicitly appearing through the structural
form of the inflationary potential V(¢). For example in this article I have
studied the cosmological features from monomial and hilltop potential. For
both the cases the characteristic index 3, which controls the structural form of
the brane inflationary potential are usually considered to be the free parameter
in the present context. Additionally, for both the potentials the tunable energy
scale 1} is also treated as the free parameter within RSII set up. Finally, the
mass parameter p can also be treated as the free parameter of hilltop potential.
Most importantly, all of these parameters can be constrained by applying the
observational constraints obtained from Planck 2015 and Planck+BICEP2/Keck
Array joint data.

2. Once the contribution from the electromagnetic interaction is switched on at the RSII
membrane, the inflaton field ¢ gets non-minimally coupled with gravity as well as
U(1) gauge fields as depicted in eq. (1.4). But for the clarity it is important to note
that, in this paper I have not explicitly discussed the exact generation mechanism of
inflationary magnetic field within the framework of RSII membrane paradigm. Most
precisely, here I explicitly assume a preexisting magnetic field parametrized by an am-
plitude, spectral index and running of the magnetic power spectrum. Consequently
the exact structural form of the non-minimal coupling is not exactly known in terms
of the RSII model parameters. Additionally, it is important to mention here that in
the rest of the paper I assume that the initial magnetic field is originated through
some background mechanism during inflation in RSII membrane set up. Here the
representative action in RSII membrane set up can be modified as:

S = / PG [z\gg& — 205 — {(; (06)* + V(¢)>

+ if2(¢) 997 FFog + U} 5(2/)} , (19

where f(¢) plays the role of inflaton field dependent non-minimal coupling in the
present context.

3. The conformal symmetry of the quantized version of the U(1) gauge fields breaks
down in curved space-time through which it is possible to generate sizable amount
of magnetic field during the phase of single field inflation. Conformal invariance is
restored at the end of inflation such that the magnetic field decays as inverse square
of the scale factor.

4. Slow-roll prescription perfectly holds good for the RSII braneworld version of the
inflationary paradigm.



5. I also assume the instantaneous transitions between inflation, reheating, radiation
and matter dominated epoch which involves entropy injection. In the prescribed
framework specifically reheating phenomena is characterized by the following sets of
parameters:

e Instantaneous equation of state parameter:
wNp) = P(Ny)/p(Ns), (1.10)

where N, is the number of e-foldings and P(N;) and p(N) characterize the
instantaneous pressure and energy density in RSII membrane set up.

e Mean equation of state parameter:

fN reh -/\/’b d./\/’b

end;b

Wreh, = : (1.11)
€ fNrehb N

end;b

where J\freh;b and Nend;b represent the number of e-foldings during reheating
epoch and at the end of inflation respectively.

e Reheating energy density pren-
e Reheating temperature Tiep,.

e Reheating parameter and its rescaled version:

1—-3W,ep

Rrad — (preh> 12(1+mreh) ’ (112)
Pend
p1/4
Rsc = Rrad X ﬁl;7 (113)

where penq and M, represent the energy density at the end of inflation and 4D
effective Planck mass.

e Change of relativistic degrees of freedom between reheating and present epoch
is characterized by a parameter A, which is explicitly defined in the later
section of this paper.

6. Contribution from the correction coming from the non-relativistic neutrinos are neg-
ligibly small.
7. Initial condition for inflation is guided via the Bunch-Davies vacuum.

8. The effective sound speed during inflation is fixed at cg = 1.
The plan of the paper is as follows.

e In the section 2, I will explicitly mention the various parametrization of magnetic
power spectrum and its cosmological implications.

e In the section 3, I will explicitly show that for all of these generic class of inflationary
models it is possible to predict the amount of magnetic field at the present epoch
(Bo), by measuring non-vanishing CP asymmetry (ecp) in leptogenesis and baryon
asymmetry (np) in baryogenesis or the tensor-to-scalar ratio.



e In this paper I use various constraints arising from Planck 2015 data on the amplitude
of scalar power spectrum, scalar spectral tilt, the upper bound on tenor to scalar
ratio, lower bound on rescaled characteristic reheating parameter and the bound on
the reheating energy density within 1.5¢ — 20 statistical CL.

e I also mention that the GR limiting result (p < o) and the difference between the
high energy limit result (p > o) of RSII.

e Further assuming the conformal invariance to be restored after inflation in the frame-
work of Randall-Sundrum single braneworld gravity (RSII), I will show that the re-
quirement of the sub-dominant feature of large scale magnetic field after inflation
gives two fold non-trivial characteristic constraints- on equation of state parameter

(w) and the corresponding energy scale during reheating (pi}/f) epoch in section 3.

e Hence in section 4 and 5, avoiding the contribution of back-reaction from the mag-
netic field, I have established a bound on the reheating characteristic parameter (R,)
and its rescaled version (Rs.), to achieve large scale magnetic field within the pre-
scribed setup and apply the Cosmic Microwave Background (CMB) constraints as
obtained from recent Planck 2015 data [50-52] and the joint constraint obtained from
Planck+BICEP2+Keck Array [53].

e Finally in section 6, I will explicitly study the cosmological consequences from two
specific models of brane inflation- monomial (large field) and hilltop (small field),
after applying all the constraints obtained in this paper.

e Moreover, by doing parameter estimation from both of these simple class of models,
I will explicitly show the magneto-reheating constraints can be treated as one of the
probes through which one can distinguish between the prediction from both of these
inflationary models.

2 Parametrization of magnetic power spectrum

A Gaussian random magnetic field for a statistically homogeneous and isotropic system is
described by the equal time two-point correlation function in momentum space as [23]:

’ ’ ~ 2’7'('2
(B; (k,n)B;(k',m)) = (2m)*6®) (k — k )Pij (k)5 Pa(k), (2.1)
where Pg (k) represents the magnetic power spectrum® and P; (k) characterize the dimen-
sionless plane projector onto the transverse plane is defined as [54, 55]:

Pij(k) = > el(k)e; (k) = (5 — kik;) (2.3)
A==1

5Tt is important to note that here for magnetic power spectrum equivalently one can use the following
definition of two-point correlation function [54, 55]:

(B (k,n)B;( ,n)) = (21)*6®) (k — K )Py; (k) P (k), (2.2)

where Pg (k) is a magnetic power spectrum.



in which the divergence-free nature of the magnetic field is imposed via the orthogonality
condition,
kier! = 0. (2.4)

Here k; signifies the unit vector which can be expanded in terms of spin spherical harmonics.
See ref. [54] for the details of the useful properties of the projection tensors of magnetic
modes. Additionally, it is worthwhile to mention that in the present context, Pg(k) be the
part of the power spectrum for the primordial magnetic field which will only contribute
to the cosmological perturbations for the scalar modes and the Faraday Rotation at the
phase of decoupling.”

The non-helical part of the primordial magnetic power spectrum is parameterized
within the upper and lower cut-off momentum scale (kz, < k < ky) as® [56]:

(Ap for Case 1
E\"B
Ap <k> for Case 11
PB(/{?) = k nB+aTB ln(ﬁ) (27)
Ap (k) for Case III
e () ()
Ap (kz> for Case IV

where Ap represents the amplitude of the magnetic power spectrum, ng is the magnetic
spectral tilt, g is the running and kg be the running of the magnetic spectral tilt. Here
the upper cut-off momentum scale (kj) corresponds to the Alfvén wave damping length-
scale, representing the dissipation of magnetic energy due to the generation of magneto-
hydrodynamic (MHD) waves. Additionally, k. being the pivot or normalization scale of

"It is important to mention here that, the exact form of the magnetic power power spectrum strongly
depends on the production mechanism of primordial magnetic field within RSIT membrane setup, which I
have not studied in this paper.

8Tt is important to note that here if I start with eq. (2.2), then equivalently one can use the following
parametrization of magnetic power spectrum PB(k):

_ B3
Ap (k—) for Case A
B .l: ng+3
8 A (k—> for Case B
Pa(k) = 2 B (k) B o\ "B+ R n() (2:5)
Ap (F) for Case C
R\ ()
Ap (;) for Case D
where Ap represents the amplitude of the magnetic power spectrum defined as:
= Ap 3
AB - ﬁk*‘ (2.6)

Here Agp characterizes the amplitude of the magnetic power spectrum as defined in eq. (2.7) and k. be the
pivot scale of momentum. But instead of using the above structure of magnetic power spectrum in the rest
of the paper I use the parametrization of the magnetic power spectrum mentioned in eq. (2.7).



momentum. Now let me briefly discuss the physical significance of the above mentioned

four possibilities:’

e Case I stands for a physical situation where the magnetic power spectrum is exactly

scale invariant and it is characterized by ng = 0,

Case II stands for a physical situation where the magnetic power spectrum follows
power law feature in presence of magnetic spectral tilt ng,

Case 111 signifies a physical situation where the magnetic power spectrum shows
deviation from power law behaviour in presence of running of the magnetic spectral
tilt ag along with logarithmic correction in the momentum scale (as appearing in
the exponent) and

Case IV characterizes a physical situation in which the magnetic power spectrum is
further modified compared to the Case III, by allowing running of the running of the
magnetic spectral tilt kg along with square of the momentum dependent logarithmic
correction.

In figure 1(a)-figure 1(c) by following the convention stated in eq. (2.1), I have explicitly

shown the variation of the magnetic power spectrum with respect to momentum scale k for

1.

2.

3.

It is

ng < 0,ag =0,k =0,
ng < 0,ag # 0,k = 0 and
ng < 0,ap # 0, kg # 0 respectively.

important to note that the most recent observational constraint from CMB temper-

ature anisotropies on the amplitude and the spectral index of a primordial magnetic field
has been predicted by using Planck 2015 data as'® [50, 51]

By Mpc < 4.4nG (2.8)

°Tf one follows the convention as stated in eq. (2.5), the physical interpretation of the magnetic power

spectrum parametrization for the four possibilities are changed as:

e Case A stands for a physical situation where the magnetic power spectrum is scale dependent and

follows the cubic power law,

e Case B stands for a physical situation where the magnetic power spectrum follows power law (ng+3)

feature in presence of magnetic spectral tilt ng. In this case the scale invariant power spectrum can
be achieved when we take ng = —3.

e Case C signifies a physical situation where the magnetic power spectrum shows deviation from

power law behaviour in presence of running of the magnetic spectral tilt ag and

e Case D characterizes a physical situation in which the magnetic power spectrum is further modified

by allowing running of the running of the magnetic spectral tilt xkB.

However for all the cases the amplitude Ap is pivot scale dependent by following the relation stated in

eq. (2.6).
OHere By Mpe Tepresents the comoving field amplitude at a scale of 1 Mpc.



Py(k)/Ap vs k plot for Case II

Py(k)/Ag vs k plot for Case ITI
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Figure 1. Variation of the magnetic power spectrum with respect to momentum scale k for 1(a)
ng < 0,ag =0,k =0, 1(b)ng < 0,ap # 0,k =0 and 1(c) ng < 0,ap # 0, kB # 0.



with magnetic spectral tilt
ng <0 (2.9)

at 20 CL. If, in near future, Planck or any other observational probes can predict the
signatures for apg and kp in the primordial magnetic power spectrum (as already predicted
in case of primordial scalar power spectrum within 1.5 — 20 CL [52]), then it is possible to
put further stringent constraint on the various models of inflation.

3 Constraint on inflationary magnetic field from leptogenesis and baryo-
genesis

In the present section, I am interested in the mean square amplitude of the primordial
magnetic field on a given characteristic scale £, on which I smooth the magnetic power
spectrum using a Gaussian filter'! as given by [55]:

1 ° dk ( k

2
= ) Pg(k)exp (—k%€?) . (3.1)

Bg = (Bi(x)Bi(x))¢ k.

Here in Case III and Case IV of eq. (2.7) describes a more generic picture where the
magnetic power spectrum deviates from its exact power law form in presence of logarithmic
correction. Consequently, the resulting mean square primordial magnetic field is logarith-
mically divergent in both the limits of the integral as presented in eq. (3.1). But in Case
I and Case II of eq. (2.7) no such divergence is appearing. To remove the divergent con-
tribution from the mean square amplitude of the primordial magnetic field as appearing
in Case III and Case IV of eq. (3.1), I introduce here cut-off regularization technique in
which I have re-parameterized the integral in terms of regulated UV (high) and IR (low)
momentum scales. Most importantly, for the sake of completeness in all four cases, here I
introduce the high and low cut-offs kp and k; are momentum regulators to collect only the
finite contributions from eq. (3.1). Finally I get the following expression for the regularized

magnetic field:
Ie(kp; k)

Bi(kri k) = =5 Ap (3:2)
where

kA dk kO

/ ™ exp (—k2§2) (k> for Case I
kr, * *
ka d k"Bt

/k ™ exp (—k2§2) <k> for Case I1
L * *

Le(krska) =9 dk J\ et B (i)

/ ™ exp (—k2§2) (k) for Case II1

kr, * *

np+2+ B (L) +5B w? (L)
> for Case IV.

(3.3)

ka
/ % exp (—k2§2) <
kL *

11p standard prescriptions, Gaussian filter is characterized by a Gaussian window function exp (—k2§2),

RS

\

defined in a characteristic scale &.

~10 -



The exact expression for the regularized integral function I¢(kr;ka) are explicitly men-
tioned in the appendix A for all four cases. It is important to mention here that, for
Case I and Case II, I¢(k;, — 0;kpn — o0) is finite. But for rest of the two cases,
I¢(kr, — 0;kp — 00) — 0o. On the other hand, in absence of any Gaussian filter, the mag-
netic energy density can be expressed in terms of the mean square primordial magnetic
field as [55]: )
o0

= BB = o [ (1) et (34
which is logarithmically divergent in UV and IR end for Case III and Case IV. For rest of
the two cases also the contribution become divergent, but the behaviour of the divergences
are different compared to the Case III and Case IV. After introducing the momentum
cut-offs as mentioned earlier, I get the following expression for the regularized magnetic
energy density as:

J(kp;ky) J(kp; ka)BE (ki ka)
. _ ) Ar = 3.5
pB(kLika) grz B AT (kp; ka) (35)
where
( /’ﬂA dk < k )2
— | — for Case 1
kL k* k*
ka ng+2
/ % <k> for Case 11
ki k. k.
Sl VPRSI 0
/ —_ <> for Case I11I
kL ki k.

L
e

for Case IV

ka L nB+2+aTBln<%>+HTBln2<%>
where T use eq. (3.2). Here the regularized integral function J(kz; kp) are explicitly written
in the appendix B for all four possibilities.

Now to derive a phenomenological constraint here I further assume the fact that the
primordial magnetic field is made up of relativistic degrees of freedom. In this physical
prescription, the regularized magnetic energy density can be expressed as [57]:

2

m 4 —-13 T
pB(kr;kp) ~ %g*T ~O(1077) x — (3.7)
€ECp

where the CP asymmetry parameter ecp is defined as:

_ I'L(Ngp — Li®) —T'pe(Ng — L;;q)c)

= ~ )\2 0 ‘
I'L(Ngp — Li®) + T're(Ng — L5®€) O(|A]) sinfcp (3.8)

€CP

for the standard leptogenesis scenario [45, 58] where the Majorana neutrino (Ng) decays
through Yukawa matrix interaction (\) with the Higgs (®) and lepton (L) doublets. Here
Ocp is the CP-violating phase and for heavy majorana neutrino (Ng) mass

My, ~ 10'° GeV (3.9)

- 11 -



the Yukawa coupling is given by,
A2 = 0(10719). (3.10)

Now combining eq. (3.5) and eq. (3.7), I derive the following simplified expression for the
root mean square value of the primordial magnetic field at the present epoch in terms of
the CP asymmetry parameter (ecp) as:

_ I¢(kr = kos ka)
By ~ O(1071%) x $ ’ Gauss (3.11)
0~ 0107 \/J(ch — ko; ka)ecp

where I use the temperature at the present epoch
Ty ~2x107% eV (3.12)

and
1 Gauss = 7 x 10720 GeV?2. (3.13)

In addition, here in this paper, I fix the IR cut-off scale of the momentum at the present
epoch i.e. kr, = kg. Consequently the momentum integrals satisfy the following constraint:

IE(’“L = kt);k?A) -8
~ 107°. 3.14
\/J(k:L = ko; kn) ( )

Further using eq. (B.1) and eq. (C.1) in eq. (3.14) one can write the following constarints
for all four cases of the parametrization of magnetic power spectrum as:

VE [k} — K]
rf(&ky) — erf(¢ky)]’

|:kXB +3 _ ke +3]

(np +3) [T (1582, 202 ) -1 (g2 2 ) |

L o -9
CaseI: k.~ O(8.17x1077) x \/ﬁ[e (3.15)

1
Case II : gnts ™ O(2 x 1071%) x

(3.16)
Case T1I : {ﬁe;(fk) {1 + QM (:) 4P In? <:>}
+k {27’ 1240 [{; % ;} ; {2 % ;} ;—é‘QkQ] (3.17)

(avma(e) ol (32} e )

~ O(10716) x {k [(1 +2P - Q)+ (Q—2P)In (:) + PIn? <:>] }MA ;

* * k=kp,

[/ exf (k) k o [k sk

k 1111 3333
LAY o D B G B S O Qe PE
+(k){ 6F p Q[{Q,M,Q} ,{2,2,2,2}, ék}

~12 -



k L1l J3 331 o0
k o[k
— (Q—l—ZPln (k* + 6F In (k*)>
1 1) 33 . \]"™
* rha [{m ’{m} it "/‘mm
=RL

~ O(10716) x {(:) [(1 —6F+2P - Q)+ (6F —2P + Q)In <k>

k.

—@EF P () o rm (R o 3.18
(BF -P)? (=) + Fln® ( - , (3.18)

* * k=kg,

where

Q =np+2, (3.19)
P =ap/2, (3.20)
F = kp/6. (3.21)

The conformal symmetry of the quantized electromagnetic field breaks down in curved
space-time which is able to generate a sizable amount of magnetic field during a phase of
slow-roll inflation. Such primordial magnetism is characterized by the renormalized mean
square amplitude of the primordial magnetic field at leading order in slow-roll approxima-
tion for comoving observers as [59]:

1 _ Vi(¢)es(9)

pB(kLJfA) < 1<X) Z(X)> 86407T3M30'2

o (3.22)

where V(¢) represents the inflationary potential, o represents the brane tension of RSII
setup and M, ~ 2.43 x 10'® GeV be the four dimensional reduced Planck mass. Within
RSII setup the visible brane tension o can be expressed as [33]:

o= @/—%MQAE) =/ —24M3A5 >0 (3.23)

where A5 be the scaled 5D bulk cosmological constant defined as [33]:
327

Also the 5D quantum gravity cut-off scale can be expressed in terms of 5D cosmological

As < 0. (3.24)

constant and the 4D effective Planck scale as:

4 A s/ 12872A
3 3 50 r4/3 5 rd/3
M3 = ,/—TMP/ = \/—TMP/ . (3.25)

In the high energy regime the energy density p > o the slow-roll parameter €,(¢) in the
visible brane can be expressed as [33]:

Eb(gb) ~ A (3.26)
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It is important to note that eq. (3.22) is insensitive to the intrinsic ambiguities of renormal-
ization in curved space-times. See the appendix where I have mentioned the inflationary
consistency conditions within RSII setup. Around the pivot scale k = k, I can write:

r(ky)
k) ~ e 3.27
ep(kx) or T (3.27)
where - - includes the all the higher order slow-roll contributions. Here r = Pr/Pg rep-

resents the tensor-to-scalar ratio. The recent observations from Planck (2013 and 2015)
and Planck+BICEP2+Keck Array puts an upper bound on the amplitude of primordial
gravitational waves via tensor-to-scalar ratio. This bounds the potential energy stored in
the inflationary potential within RSII setup as [33]:

/ Vins ~ 1\2/27T2P5(k:*)1"(k:*)M;/301/6 < </;)P5(k*)r(k*)ﬂ2 M,

/4
16 r (k) '
= (1.96 x 10°°GeV) x < 012 )

(3.28)

where Pg(k.) represents the amplitude of the scalar power spectrum. More precisely
eq. (3.28) can be recast as a stringent constraint on the upper bound on the brane tension
in RSII setup during inflation as:

o< 3:1/§7r2Pg(k*)r(k*)M§. (3.29)

It is important to note that, to validate the effective field theory prescription within the
framework of small field models of inflation, the model independent bound on the brane
tension, the 5D cut-off scale and 5D bulk cosmological constant can be written as [33]:

o <0(107%) M;y, Ms<0(0.04—0.05) M, As>-0(10"") M. (3.30)

If I go beyond the above mentioned bound on the characteristic parameters of RSII then
one can describe the inflationary paradigm in large field regime. Please see ref. [33] for
further details.

Finally using this constraint along with eq. (3.5) in eq. (3.22) I get the following
simplified expression for the root mean square value of the primordial magnetic field in

terms of the tensor-to-scalar ratio r in RSII setup as:'?

E)\? 5/ M, Ie(kr; k)
Be(kp: kr) < O(10% r(k.) S92k, K, ) mAUTALZY) .
f( L A) ~ O( 0 ) X ( 0.12 b ( L ) X o x J(k’L,ka) Gauss (334)

Regulator in RSII

2Tn case of the low energy limit of RSII setup i.e. when the energy density of the matter content (p,,)
is much higher compared to the RSII brane tension o then the actual version of the Friedmann equations
in RSII setup are mapped into the Friedmann equations known for General Relativistic setup. Technically
this statement can be expressed as:

> = Lr [y b |y P (3.31)
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At the present epoch the regulating factor ¥, (kr, = ko, ki) appearing in eq. (3.34) is lying
within the window,

L
O(4.77 x 1013) < By (kr = ko, k) X <p> < O(107179), (3.35)

g

for the tensor-to-scalar ratio,
1072 <, <0.12 (3.36)

at the momentum pivot scale, k, ~ 0.002 Mpc~!. Here the “b” subscript is used to specify
the fact that the analysis is done within RSII setup. Now by setting kr, = kg at the present
epoch, the estimated numerical value of the primordial magnetic field from RSII setup
turns out to be:

By = Be(kr, = ko; ka) ~ O(107Y) Gauss. (3.37)

Further using eq. (3.11) I get following expression for the lower bound of the CP asymmetry

parameter within RSII setup as:!3

12)° 2
0 - ? ) , (3.39)

—98 5 —
€ECpP Z 0(10 ) X <’l°(k‘*)> Eb (k?L = k‘o,/{?*) X <]W;1

which is pointing towards the following possibilities within RSII setup:

1. For the large tensor-to-scalar ratio the significant features of CP asymmetry can
be possible to detect in future collider experiments. For an example we consider a
situation where the tensor-to-scalar ratio is,

r(ks) ~ 0.12 (3.40)
and in such a case the lower bound of CP asymmetry is given by

ecp 2> 10710 (3.41)

In the low energy regime of RSII the lower bound of the CP asymmetry parameter can be written as [56]:

r(k-)
0.12

3/2
f Ie(kp; ka)
$32(kp k) xy | S Gapss.
) (kL k) Tl k) 0 (3.32)

Regulator in GR

Be(lui k) £ 0010 x

where X(kr = ko, k+) plays the GR analogue of the regulator and satisfies the following stringent constraint:

01073 < Sk = ko, k) < O(107%°). (3.33)

13In case of low energy regime of RSII or equivalently for GR prescribed setup the lower bound of the
CP asymmetry parameter can be written as [56]:

0.12
r(ks)

where X(kr = ko, k+«) plays the GR analogue of the regulator.

3
ecp 2 O(107 M%) x ( ) Y73 (kr = ko, ku), (3.38)
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in RSII braneworld. For GR one can also compute the lower bound of CP asymmetry
parameter and it turns out to be

ecp > 10716 (3.42)
for GR limit [56].

2. For very small tensor-to-scalar ratio the CP asymmetry is largely suppressed and can’t
be possible to detect in the particle colliders. For an example if tensor-to-scalar ratio,

7(ky) ~ 1072 (3.43)
then the lower bound of CP asymmetry is given by
ecp > 107%¢ (3.44)

in RSII braneworld. Similarly the lower bound of CP asymmetry parameter in GR
prescribed setup can be computed as [56],

ecp > 1073, (3.45)

If, in near future, any direct/indirect observational probe detects the signatures of pri-
mordial gravitational waves by measuring large detectable amount of tensor-to-scalar ratio
then it will follow the first possibility. For a rough estimate for CP asymmetry in terms of
neutrino masses one can write:

3 M1m3 M1
~0.1—. 3.46
16w 02 M3 ( )

This implies that in the first case it is highly possible to achieve the upper bound of CP
asymmetry parameter [56],
ecp S 1076 (3.47)

for
My /M3 ~ my, /mg ~ 1075, (3.48)

by tuning the regulating factor as well the brane tension of RSII setup at the pivot scale
k. ~ 0.002 Mpc~! to the following value: ™

a4\ 25
Yy(kr = ko, k) ¥ <”) <O x 1071, (3.50)

g

which is required to accommodate mass hierarchy of the heavy Majorana neutrino at the
scale of 10'0 GeV. Additionally it is important mention here that the heavy Majorana,

11 case of low energy regime of RSII or equivalently for GR prescribed setup the upper bound on the
tuning in the regulator can be expressed as:

S(kr = ko, k) < O(2.1 x 107°7). (3.49)
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neutrino Np is the ideal candidate for baryogenesis as decays to lepton-Higgs pairs yield
lepton asymmetry

(L)r #0, (3.51)
partially converted to baryon asymmetry
(B)r # 0. (3.52)

Also the baryon asymmetry np for given CP asymmetry ecp can be expressed as:
ng—ng kK

nB = B = ?CAGCP (3.53)

where f ~ 10% is the dilution factor which accounts for the increase of the number of
photons in a comoving volume element between baryogenesis and today, ca represents the
fraction which is responsible for the conversion of lepton asymmetry to baryon asymmetry
and exactly quantified by the following expression:

Byr 1

CA = = . (3.54)
B—-L )
B-Lr -y
Usually the conversion factor
ca ~ O(1) (3.55)
and in the context of Standard Model
ea = 28/79. (3.56)

Also the determination of the washout factor s requires the details of modified Boltzmann
equations within RSII setup. But for realistic estimate one can fix

K~ 01072 =107, (3.57)
The baryon asymmetry is generated around a temperature
T ~ 10 GeV, (3.58)

which is exactly same as mass scale of the heavy Majorana neutrino and this has possibly
interesting implications for the nature of dark matter. The observed value of the baryon
asymmetry [51],

np ~ 1079 (3.59)

is obtained as consequence of a large hierarchy of the heavy neutrino masses, leading to
a small CP asymmetry, and the kinematical factors f and x. In case of RSII setup using

eq. (3.53) the lower bound on baryon asymmetry parameter can be expressed as:!®
0.12° o \?
> 01071 %, 2 (k= ko, ks — . 61
nB < O( 0 ) X T(k*) b (kL k07k ) X M;} (3 6 )

which implies the following possibilities within RSII setup:

151 case of GR prescribes setup the lower bound of the CP asymmetry parameter can be written as:

0.12
(k)

3
ng 2 0107 ?) x ( ) Y73k = ko, k). (3.60)
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1. For the large tensor-to-scalar ratio the significant features of baryon asymmetry can
be possible to detect in future. For an example we consider a situation where the
tensor-to-scalar ratio is,

r(ky) ~ 0.12 (3.62)

and in such a case the lower bound of baryon asymmetry is given by
ng > 1074 (3.63)

in RSII braneworld. This also implies that in this case it is highly possible to achieve
the observed baryon asymmetry parameter,

np ~107° (3.64)

by adjusting the regulating factor as well the brane tension of RSII setup at the pivot
scale k, ~ 0.002 Mpc~! by following the upper bound as stated in eq. (3.50). In case
of low energy regime of RSII or equivalently for GR prescribed setup the lower bound
of baryon asymmetry is given by

np 2 1072 (3.65)

with tensor to scalar ratio
(ki) ~ 0.12. (3.66)

2. For very small tensor-to-scalar ratio the baryon asymmetry is largely suppressed and
can’t be possible to detect via future experiments. For an example if tensor-to-scalar
ratio,

7(ky) ~ 1072 (3.67)
then the lower bound of baryon asymmetry parameter is given by

np > 1073 (3.68)

in RSII braneworld. Similarly in the low energy regime of RSII or in GR limit the
lower bound of baryon asymmetry is given by

np > 10733 (3.69)

with r(k.) ~ 0.12.

4 Brane inflationary magnetic field via reheating

4.1 Basic assumptions

Before going to the critical details of the computation, let me first briefly mention the
underlying assumptions and basics of the present setup:

e The primordial magnetic field is created via quantum vacuum fluctuation and ampli-
fied during the epoch of inflation.
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e Conformal invariance is restored at the end of inflation such that the magnetic field
subsequently decays as a2, where a is the cosmological scale factor. Consequently
the physical strength of the magnetic field today on the large scale is given by:

B
By=——24 . (4.1)
(1 + Zend)
where By and Benq are the magnetic field today and at the end of inflation respec-
tively. AlSO zenq signifies the redshift at the end of inflation and in terms of scale

factor it is defined as:
ag

Zend =

~ 1. (4.2)

Gend
In this work I will explicitly show that for all classes of the models of originating brane
inflationary magnetic field, the redshift z.,q depends on the properties of reheating.
During the epoch of inflation the corresponding wave number can be expressed as:

ke ks _
E = CTQ (1 + Zend) CNend;b No (43)

where the subscript “b” is used to specify the braneworld gravity setup and exactly

consistent with eq. (4.2).

e Further [ assume the instantaneous transitions between inflation, reheating, radiation
and matter dominated epoch one can write:

(1 2un) = (14 ) (222 B () (4.0

Peq Gend

where the subscript “reh” and “eq” stand for end of reheating and the matter radi-
ation equality.

e [ also assume that at the present epoch the contribution from the correction coming
from the non-relativistic neutrinos are negligibly small and so that I neglected the
contribution from the computation.

4.2 Reheating parameter
Let us first start with the reheating parameter R..q defined by'® [60]:

a P 1/4
Rrad = end < end > ; (45)
Qreh Preh

where the subscript “reh” can be interpreted as the end of reheating era and also the
beginning of radiation dominated era. More precisely R,,q measures the deviation between
reheating and radiation dominated era. Now using eq. (4.5) in eq. (4.4) one can write:

1/4
[N Qreh 1 Pend
. R . a _ 4.6
( T+ ze d) ( + q) . <areh> . (aend> Rrad <Arehp’}’> ( )

'STf I fix Ryaqa = 1 then from eq. (4.5) it implies that p oc a™*, which exactly mimics the role of the energy

density during radiation dominated era.
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where in the high energy regime of RSII braneworld the radiation energy density can be

Py =\ 60QaaHo M, (4.7)

represents the energy density of radiation at present epoch and

g q 4/3
Areh = reh ( 0 > (48)
Greh

expressed as:

is the measure of the change of relativistic degrees of freedom between the reheating epoch
and present epoch. Also ¢ and g denotes the number of entropy and relativistic degrees of
freedom at the epoch of interest respectively. Here Hj represents the Hubble parameter at
the present epoch and €2,,q signifies the dimensionless density parameter during radiation
dominated era. To proceed further here I start with the expression for the number of
e-foldings at any arbitrary momentum scale] as [61-65]:

k 1 Vi 1 Vi 1- Bwreh Preh

Nop(k) =71.21 —In <k0> +—1In I + 4ln o + 21+ ) In (pend> (4.9)
where penq is the energy density at the end of inflation, p,n is an energy scale during
reheating, kg = agHy is the present Hubble scale, V, corresponds to the potential energy
when the relevant modes left the Hubble patch during inflation corresponding to the mo-
mentum scale k, = kcnp, and ween characterizes the effective equation of state parameter
between the end of inflation and the energy scale during reheating. Further using eq. (4.9)
one can write:

\ / re ken
A/vbzfvreh;b—/vend;b:ln@ h) =1n( d>. (4.10)

Gend kreh

Now using only the energy conservation one can derive the following expression for the
reheating energy density:

Nreh;b —
Preh = Pend €XP [_3//\/ (1 4+ w(Np)) d/\fb] R Pend €xp [—3AN;, (1 4 Wyen)] (4.11)
end;b

where AN, is defined in eq. (4.10) and the mean equation of state parameter Wy, is
defined as:

reh b dN
Wreh = I “dbANb g (4.12)
where
w(Ny) = P(N)/p(No) (4.13)

represents the instantaneous equation of state parameter. Further using eq. (4.11) in
eq. (4.5) one can derive the following expression for reheating parameter:

1-3w,op

Rrad = (’0 mh) " (4.14)
Pend
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Here eq. (4.14) also implies that for
Wren = 1/3 (4.15)

the reheating parameter
Riaqg = 1. (4.16)

4.3 Evading magnetic back-reaction

To evade magnetic back-reaction on the cosmological background in this paper I consider
the following two physical situations:

1. In the first situation the reheating epoch characterizes by the lower bound on the
equation of state parameter at,
Wyeh > 1/3 (4.17)

and the corresponding energy density during reheating decays very faster compared
to the energy density during radiation dominated era. In this case, the magnetic
back-reaction on the length scales of interest is evaded for the following constraint
on the ratio of the energy densities [60]:

PB(%ren) _ PBo

<1 (4.18)
Preh Py

Now further using the Planckian unit system one can write, 1 Gauss ~ 3.3x 10757 Mg
and using this unit conversion the photon energy density can be written in terms of
the magnetic unit as [60],

py 5.7 x 107 M) = 5.2 x 107" Gauss®. (4.19)
Using eq. (4.14) one can further show that for Wy, > 1/3 the reheating parameter
Ryaq > 1. (4.20)

This clearly implies that magnetic back-reaction effect can evaded using
this constraint.

2. In the second situation the reheating epoch characterizes by
Wreh < 1/3 (4.21)

and the corresponding energy density of the magnetic field dominate over the energy
density during reheating epoch. Within this prescription the effect of magnetic back-
reaction can be neglected, provided the magnetic energy density remains smaller
compared to the background total energy density at any epoch i.e.

PBena 1, (4.22)
Pend
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where the magnetic energy density pp_, can be written in terms of the energy density

end

at the end of inflationary epoch as:

32

0
_ B0, 4.23
pBend QR;Ladp’y pe d ( )

Further substituting eq. (4.23) in eq. (4.22) one can compute the lower bound on the
reheating parameter as [60]:

VB

Riqg > ——.
T 2

(4.24)

The physical interpretation of the bound on reheating parameter is as follows:

e Firstly it is important to note that the lower bound on reheating parameter
is true for any models of inflation and completely independent on any prior
knowledge of inflationary models.

e Secondly to hold this bound it necessarily requires that the conformal invariance

has to be satisfied during the decelerating phase of the Universe.

Further using eq. (4.11), eq. (4.14) and eq. (4.24) I get the following simplified expression
for the reheating constraint:

V' By {A/\_fb

o7 P | T (1— 3wreh)] <1 (4.25)

from which one can compute the following analytical constraint on the mean equation of

state parameter Wy as:

e (1 5 (222)) s

For an example if I fix the magnetic field at the present epoch within
By ~ O(107"° Gauss — 107 Gauss) (4.27)
then the lower bound of the reheating parameter is constrained within
Riag > O(1.76 x 107> — 1072). (4.28)
Consequently the bound on the mean equation of state parameter wye, can be computed as:
Wreh < % <1 + AC/\/;)) (4.29)

where the numerical factor C ~ O(18.42—43.81) > 0 for By ~ O(10~1 Gauss—10~? Gauss).
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5 Reheating constraints on brane inflationary magnetic field

To derive the expression for the scale of reheating and also its connection with the inflation-
ary magnetic field within RSII T start with eq. (4.14) and using this input one can write:

12(1+Dpey)

Preh = pendRrald_gwmh . (51)

Further using the lower limit of the reheating parameter as stated in eq. (4.24), one can
derive the lower bound of the reheating energy density as:

6(1+Wrep) 2|1+ ( ANy

Preh > Pend 730 e = Pend 730 o >
re en - en
V20~ v/ 2Py

In 4(2/7’)/)1/4 (5'2)
Now in the high density or high energy regime of RSII, p > ¢ and using the Friedmann

equation one can write [41, 42]:
p

Vi 60Mp'

where o is the brane tension in RSII setup. Hence using eq. (5.3) the lower bound of the
7

H~ (5.3)

reheating energy density can be recast within RSII setup as:!

6(Lt@yep) ol AN
B 1—30p, B m( Bo
Preh > V60 M, Heng <O> = V60 MyHenq <0> <(2M)1/4> (5.5)

/20y /20~

where Hg,q represents the Hubble parameter at the end of reheating and additionally
eq. (4.29) has to satisfied to avoid magnetic back-reaction. Here eq. (5.5) implies that if
the magnetic field is generated via inflation in braneworld then by knowing the Hubble
scale at the end of inflation as well as the constraint on the brane tension ¢ it is possible
to constraint the lower bound of the scale of reheating. It is important to note that if

Wyen — 1/3 (5.6)

the equality in eq. (5.5) will not hold at all and also in such a situation the exponent

diverges i.e.
6(1 +
(‘I'ilfeh) (5.7)
1 — 3wWren
This clearly implies that the lower bound of the reheating energy density is zero and

compatible with the understandings of the physics of originating inflationary magnetic

n the low density regime of RSII braneworld or equivalently in GR limit the lower bound on the
reheating energy density can be expressed as:

6(1+yc) —2| 14—
> \/gM H By 1-3wWpen . \/§M I Bo 111(7(2ﬁ/4> (5 4)
Preh pdlend m = pdlend \/m .
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field. In the present context the field value at the end of inflation is determined by the
violation of the slow-roll conditions. See appendix A for the details. Consequently one can
derive the following sets of constraints on the generic form of inflationary potential and its
derivatives at the end of inflation as:

V(dena) = (20820) (V' (60)) " (59)
V(dena) = (20220) "2 (V" () (59)
V(Gena) = (43416%) " (V' (Gena)V" (0en)) (5.10)
V(ent) = (8M%) " (V' (6ena)) " (V" ()" (5.11)

For more stringent constraint the system need to satisfy all of the equations as mentioned
in eq. (5.8)—(5.11) to fix the scale of inflationary potential at the end of inflation. In this
case the derivatives or more precisely the Taylor expansion co-efficients of the inflationary
potential at the end of inflation are not independent at all. But if the system relaxes any
three of the previously mentioned constraints, then also it possible to constrain the scale
of potential at the end epoch of inflation. Consequently eq. (5.5) can be recast in terms of
the generic form of the inflationary potential as:

601+ e —2 ”L\/B%
B —2Wreh B In
Preh > V(¢end) ( 0 ) ~ V(¢end) ( 0 ) <<2p’y)1/4> (512)

V20~ /20~

Here it is important to note that during reheating both kinetic and potential contribution
play crucial role in the energy density. Later I will explicitly show the estimation algorithm
of V(pena) from a generic as well as for specified form of inflationary potential for the
determination of the lower bound of the energy density during reheating.

In the high energy regime of RSII setup during reheating one can write the total decay
width for the decay of heavy Majorana neutrinos as [31, 32]:

i Preh
20 M,

Liotal = TL(Nr — Li®) + Le(Ng — Li®) = 3H (Tyen) ~ (5.13)
where H(Tyen) be the Hubble parameter during reheating and pyen represents the energy
density during reheating. In the context of statistical theormodynamics one can express

the reheating energy density as:
2

T
Preh = %Q*Tfeh (5-14)

where g, signifies the effective number of relativistic degrees of freedom. In a more gener-
alized prescription g, can be expressed as:

7

where gp, and gg. are the number of bosonic and fermionic degrees of freedom respectively.
It is worth mentioning that the reheating temperature within RSII does not depend on the
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initial value of the inflaton field from where inflation starts and is solely determined by the
elementary particle theory of the early universe. Further using eq. (5.13) and eq. (5.14)
the reheating temperature within the high energy regime of RSII setup can be expressed

as'® [31, 32):
30 1/4 2% 1/8
Tty = <7T2g*> % (CrotarMp) 4 x <3> . (5.17)

On the other hand the reheating temperature can be expressed in terms of the tensor-to-

scalar ratio as:

30 \ /4 (k) V4
Trop, & <W2g*> x (1.96 x 10*6GeV) x <0(.12)> . (5.18)
Now eliminating reheating temperature from eq. (5.17) and eq. (5.18) one can express the
total decay width in terms of inflationary tensor-to-scalar ratio as:'”
_ 3 (k)
— 973
Liotal = 4.23 X 1077 M, x % X ( 012 ) . (5.20)

Further combining eq. (4.11) and eq. (5.14) the energy density of inflaton at the end of
inflation can be expressed in terms of tensor-to-scalar ratio as:

Pend = V(dend) = (1.96 x 1015GeV)* x (7;)(1“12)) x exp [3 (1 4 Wren) AN] . (5.21)

Similarly using eq. (5.21) in eq. (5.12) the reheating energy density or more precisely the
scale of reheating can be expressed in terms of the tensor-to-scalar ratio, mean equation of
reheating Wy, and magnetic field at the present epoch as:

6(1+Wyop)

k-* _ B 1=3Wpep
preh > (1.96 x 101°GeV)* x (To(.m)) x exp [3 (1 + Wyen) ANy x (\/2077 . (5.22)

Further applying the constraint in the mean equation of reheating parameter as stated in
eq. (4.26) the lower bound of the scale of reheating energy density can be recast as:

_4AN
— n BO
Pren > (1.96 x 10'°GeV)* x (:fﬁ*;) x exp [AAN;] x <\Z%> 1 (m) . (5.23)

Next I will explicitly derive the expression for the density parameter during radiation dom-
inated epoch (€;,q) and further I will connect this to the density parameter of the magnetic

18T the low energy regime of RSII or equivalently in the GR limit the reheating temperature can be
expressed as [64, 66, 67]:

1/4 1/2
Tren = (%) X (F““”M”) . (5.16)
T2g. V3
19Tn the low energy regime of RSII or equivalently in the GR limit total decay width of the heavy Majorana
neutrino can be written as:
4 (k) \ '
Piorar = 113 % 10~ M, x (575 . (5.19)
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field (Q2p,,,). To serve this purpose I start with the analysis in the high energy regime of
the RSII braneworld in which the dimensionless density parameter can be expressed as:

2
Q= (5.24)
PcPo
where the critical energy density in RSII braneworld can be written as:
pe =20 (5.25)
and the energy density at the present epoch can be written as:
po = 3M}Hg. (5.26)

Now using eq. (4.6) in eq. (4.23) one can write the magnetic energy density in terms of
redshift as:

B? _

PBeona = 70 (1 + Zeq)4 €xp [ANb (1 - 371—]reh)] (5-27)
and using eq. (5.27) the dimensionless density parameter for magnetic field can be writ-
ten as:

Q _Big(l-i- )® exp [2AN; (1 — 3ren)] (5.28)
Bend - 240_H02M£ zeq eXp b wreh . .

In the high energy regime of RSII braneworld one can write the density parameter at the
end of inflation in terms of the density parameter at the radiation dominated era and
redshift as:

Qend = (1 + Zeq)S Qrad- (529)
Further substituting eq. (5.29) in eq. (5.28) I get the following constraint relationship:
B3Qend _
QB = =5 s —— exp [2AN}, (1 — 3ren)] - 5.30
Bena 240’H8M39rad exXp [ b ( wreh)] ( )

Next using eq. (5.21) one can write down the expression for the dimensionless parameter
at the end of inflationary epoch as:

MO r(ky 2 _
Qp,., = 607;[3 x (1.79 x 10717 x < 0(‘12)> x exp [6 (1 + Wren) ANG] . (5.31)

Further applying the constraint in the mean equation of reheating parameter as stated in
eq. (4.26) the dimensionless density parameter can be expressed in terms of the magnetic
field at the present epoch as:

_ Mg 17 r (k) ? Y VBo
QBend = FHS X (179 X 10 ) X <012> X eXp |:8 (A,/\/b +1n (Wl))] . (532)

Finally substituting eq. (5.32) in eq. (5.30) I get:?°

BiM} (k) \ 2 _
0""p —17 *
Q =————— x(1.79x 10 X x exp [8AN,| . 5.34
Bend = 10402 Hi Qg ( )% 019 P [8AN] (5-34)
20Tn the low energy regime of RSIT dimensionless density parameter for magnetic field can be expressed as:
B B} 5 (k) -
OB = MZHZm X (2.17 x 107°) x 012 ) X exp [4ANG] . (5.33)
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Here the dimensionless density parameter during the epoch of radiation domination is given
by the following expression:
2 2
Py Py
PcPO 6o H, g Mg
where p, ~ 5.7 x 10712 M;} = 5.2 x 1072 Gauss?. Further using eq. (5.35) in eq. (5.34) I
get:

Qpod = (5.35)

ByMy r(ke)\ 2 _
OBy =55 x (L79x 10717 u AN . ,
Bena 2ioHZ x (1.79 x 10717 x ( 010 ) X exp [8AN, ] (5.36)

Next using eq. (3.11) in eq. (5.36) finally I get the following relationship between the density
parameter of the magnetic field and the CP asymmetry parameter within the high energy

regime of RSII braneworld as:?!
0 - (6.63 x 10-53) x ") e [BAN}] (5.38)
= ———5 5 . —_— X . .
Bet = 940 H2eZy, 0.12 PLESM

6 Constraining brane inflationary magnetic field from CMB

Before going to the details of the constraints on the various models of describing the
origin of brane inflationary magnetic field from CMB, let me introduce a rescaled reheating
parameter R, defined as [60]:

p1/4 Preen lg(%gree};]) p1/4 tond p1/2
Rse = Ryag X —j\‘}ld = <re > X ]\e;d = aen X 1/‘an (6.1)
P Pend p reh Preh Mp

which is relevant for further analysis. Further using eq. (5.21) the lower bound of the
rescaled reheating parameter can be expressed in terms of the tensor-to-scalar ratio and
the magnetic field at the present epoch as:

1/4
Rse > 8.07 x 1073 x <T<k*)> x exp [AN,] x <BO> . (6.2)
0.12 /20~
In the following subsections I will explicitly discuss about the CMB constraints on two types
of models of describing the origin of brane inflationary magnetic field. But in principle one
can carry forward the prescribed methodology for rest of the brane inflationary models also.

6.1 Monomial models

In case of monomial models the inflationary potential can be represented by the following
functional form:

Vi($) =V <J\Z>6 (6.3)

2Tn the low energy regime of RSII or equivalently in Gr limit the dimensionless density parameter for
magnetic field can be expressed as:

1

Q
B 2ecp

end —

x (4.17 x 107%%) x (To(kl’*;) X exp [4ANG] . (5.37)
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Figure 2. Variation of the monomial potential for the index § = 0.7,0.9,1.1. Here I fix the tunable
scale at v/Vp =4.12 x 1073 M, = 10'¢ GeV.

where Vy = M* is the tunable energy scale, which is necessarily required to fix the ampli-
tude of the CMB anisotropies and 3 is the monomial index which characterizes the feature
of the potential. The variation of the monomial potential for the index 5 = 0.7,0.9,1.1
and the tunable scale

Vo =412 x 1072 M, = 10'° GeV (6.4)

is shown in figure 2.

In the present context both the rescaled reheating parameter R, and the energy density
at the end of inflation penq are constrained.?? To analyze the features of the potential in
detail here I start with the definition of number of e-foldings ANy(¢) in the high energy
regime of RSII setup (see appendix A for details), using which I get:

Vo B+2
ANy (@) = (672 027 (6.7)
203 (8 +2) My d
Further setting ¢ = ¢cmp in eq. (6.7), the field value at the horizon crossing can be com-
puted as:
/3+2AN ﬁ
20 +2) M,
®emb = Pend |1+ B (B B"!)‘Q . ? (68)
(bend ‘/0

22 After marginalization over the monomial index of the potential within 0.2 < 8 < 5 and over the
cosmological parameters the following CMB constraints are obtained within 20 CL [74]:

Ree > 2.81 x 10713,
11 1.2 %10 GeV. (6.6)

end

4 x 10" GeV <p
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where ¢enq represents the field value of inflaton at the end of inflation. Within RSII setup
from the violation of the slow-roll conditions one can compute:

1
2032 #+2
(Zsend ~ < ‘/0 > Mp~ (69)

From monomial models of inflation the scale of the potential at the horizon crossing and
at the end of inflation can be computed as:

B 2 i2
P> = V(o) = Vo <¢Cmb) — V77 (200%) 75 [1 + (1 + 2) A/\/b] " (6.10)
M, B
¢end g ﬁ 2 £
Pend =~ V(Qbend) = ‘/0 < Mp > = Vb (20’ﬂ )6+2 . (611)

Further using the consistency condition in the high energy regime of RSII braneworld, as
stated in eq. (A.2) of the appendix C, one can derive the following expressions for the
amplitude of the scalar power spectrum, tensor to scalar ratio and scalar spectral tilt as:

_2 B 2(8+1)
VP (20p2) 7 2 2
SRl o Lt PO TE AT L
24
r(ky) = , (6.13)
{1 + (1 + %) ANb}
ng(hs) — 1~ — 6 (6.14)

[1+(1+%)AN1)]'

and to satisfy the joint constraint on the scalar spectral tilt and upper bound of tensor-
to-scalar ratio as observed by Planck (2013 and 2015) and Planck+BICEP2+Keck Array,
one need the following constraint on the monomial index 8 of the inflationary potential:3

(6.15)

The behaviour of the tensor-to-scalar ratio r with respect to the scalar spectral index ng
and the characteristic parameter of the monomial potential g are plotted in figure 3(a)
and figure 3(b) respectively. From 3(a) it is observed that, within 50 < AN, < 70 the
monomial potential is favoured only for the characteristic index

0.7< B <11, (6.16)

by Planck 2015 data and Planck+ BICEP2+Keck Array joint analysis. In 3(b) I have ex-
plicitly shown that the in r — 8 plane the observationally favoured window for the monomial
index is 0.7 < 8 < 1.1. Additionally it is important to note that, for monomial potentials

*3For a realistic estimate, if we fix AN, ~ O(50 — 70), then the monomial index § is constrained as,
0.7<p <11
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Figure 3. Behaviour of the tensor-to-scalar ratio r with respect to 3(a) the scalar spectral index ng
and 3(b) the characteristic parameter of the monomial potential 8. The purple and blue coloured
line represent the upper bound of tenor-to-scalar ratio allowed by Planck+ BICEP2+Keck Array
joint constraint and only Planck 2015 data respectively. The small and the big bubbles represent
two consecutive points in r —ng plane, where for the small bubble AN, = 50,7 = 0.124,ng = 0.969
and for the big bubble AN, = 70,7 = 0.121,n5 = 0.970 respectively, The green shaded region
bounded by two vertical black coloured lines represent the Planck 20 allowed region and the rest of
the light grey shaded region is disfavoured by the Planck data and Planck+ BICEP2+Keck Array
joint constraint. From 3(a) it is observed that, within 50 < AN, < 70 the monomial potential
is favoured only for the characteristic index 0.7 < § < 1.1, by Planck 2015 data and Planck+
BICEP2+Keck Array joint analysis. In 3(b) I have explicitly shown that the in r — 8 plane the
observationally favoured window for the monomial index is 0.7 < 8 < 1.1.

embedded in the high energy regime of RSII braneworld, the consistency relation between
tensor-to-scalar ratio r and the scalar spectral ng is given by,

r~4(1 —ng). (6.17)

On the other hand in the low energy regime of RSII braneworld or equivalently in the GR
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Figure 4. Variation of the 4(a) scalar power spectrum Pg vs scalar spectral index ng, 4(b)
scalar power spectrum Pg vs index 8 and 4(c) scalar power spectrum ng vs index 8. The purple
and blue coloured line represent the upper and lower bound allowed by WMAP+Planck 2015
data respectively. The green dotted region bounded by two vertical black coloured lines represent
the Planck 20 allowed region and the rest of the light gray shaded region is disfavoured by the
Planck+ WMAP constraint.

limiting situation, the consistency relation between tensor-to-scalar ratio r and the scalar
spectral ng is modified as,

r §<1 —ng). (6.18)
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This also clearly suggests that the estimated numerical value of the tensor-to-scalar ratio
from the GR limit is different compared to its value in the high density regime of the
RSII braneworld. To justify the validity of this statement, let me discuss a very simplest
situation, where the scalar spectral index is constrained within

0.969 < ng < 0.970, (6.19)

as appearing in this paper. Now in such a case using the consistency relation in GR limit
one can easily compute that the tensor-to-scalar is constrained within the window,

0.080 < r < 0.083, (6.20)

which is pretty consistent with Planck 2015 result.

Variation of the 4(a) scalar power spectrum Pg vs scalar spectral index ng, 4(b) scalar
power spectrum Pg vs index 5 and 4(c) scalar power spectrum ng vs index . The purple
and blue coloured line represent the upper and lower bound allowed by WMAP-+Planck
2015 data respectively. The green dotted region bounded by two vertical black coloured
lines represent the Planck 20 allowed region and the rest of the light gray shaded region is
disfavoured by the Planck+WMAP constraint. From the figure 4(a)-figure 4(c) it is clearly
observed that the monomial index of the the inflationary potential is constrained within
the window 0.7 < 8 < 1.1 for the amplitude of the scalar power spectrum,

2.3794 x 1072 < Ps < 2.3798 x 107° (6.21)

and scalar spectral tilt,
0.969 < ng < 0.970. (6.22)

Now using eq. (6.12), eq. (6.13) and eq. (6.14) one can write another consistency relation
among the amplitude of the scalar power spectrum Pg, tensor-to-scalar ratio r and scalar
spectral index ng for monomial potentials embedded in the high density regime of RSII
braneworld as:

2(8+1) 2(8+1)

22 B 22 B
Vit (208%) 7 [ 6 } Fr VT (208%) 55 [24] 52

Py = (6.23)

3672 3672

Further using eq. (3.28), I get the following stringent constraint on the tunable energy scale

1—ng T

of the monomial models of inflation:
B
(2.12 x 1011 M2)' T3
B
(2052%)2

The variation of the energy scale of the monomial potential with respect to the character-

Vo=M* <

(6.24)

istic index f is shown in figure 5(a) and figure 5(b), for the fixed the value of the brane
tension at o ~ 107 M;} and o ~ 10717 M;l respectively. This analysis explicitly shows
that for o ~ 5 x 10716 M;L the tensor-to-scalar ratio and scalar spectral tilt are constrained
within the window,

0121 <r< 0.124, (6.25)
0.969 < ng < 0.970, (6.26)

which is consistent with 20 CL constraints.
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Figure 5. Variation of the energy scale of the monomial potential with respect to the characteristic
index 8. The green shaded region bounded by two vertical black coloured lines and two black
coloured horizontal line represent the Planck 2¢ allowed region and the rest of the light gray shaded
region is disfavoured by the Planck data and Planck+ BICEP2+Keck Array joint constraint. In 5(a)
and 5(b) I have fixed the value of the brane tension at o ~ 1077 M} and o ~ 107'* M} respectively.
This analysis explicitly shows that the 20 allowed window for the parameter g within 0.7 < 8 < 1.1
constraints the scale of inflation within 1.1 x 1073 M,, < ¥/Vy < 1.5x 1073 M,, for 0 ~ 107° Mﬁ and
8.08 1073 M, < /Vy < 8.13x107% M, for o ~ 5x107'6 M. For the first case the tensor-to-scalar
ratio and scalar spectral tilt are constrained within the window, 4.15 x 107° < r < 1.44 x 10~ and
ng ~ 0.99. Here for o ~ 1077 M, the value of  is consistent with the upper bound on tensor-to-
scalar ratio, but the value of scalar spectral tilt is outside the 20 CL. On the other hand, for the
second case, the tensor-to-scalar ratio and scalar spectral tilt are constrained within the window,
0.121 < r < 0.124 and 0.969 < ng < 0.970, which is consistent with 20 CL constraints.

Also using eq. (6.3) the mean equation of state parameter during reheating can be

computed as:?*

68—2
B+2

24To satisfy the CMB constraints, if I fix AN, ~ O(50 — 70), then the mean equation of state parameter
Wreh 18 constrained as,

(6.28)

Wreh =

— 0.48 < Wyen < —0.29. (6.27)
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Figure 6. Variation of the mean equation of state parameter with respect to the monomial index
B. The green shaded region bounded by two vertical black coloured lines and two black coloured
horizontal line represent the Planck 20 allowed region and the rest of the light gray shaded region
is disfavoured by the Planck data and Planck+ BICEP2+Keck Array joint constraint. It is also
observed from the plot that, if I fix the number of e-foldings within the window, AN, =~ O(50 — 70),
then the mean equation of state parameter w,en is constrained as, —0.48 < Wy, < —0.29.

Variation of the mean equation of state parameter with respect to the monomial index
B is explicitly shown in figure 6. The green shaded region bounded by two vertical black
coloured lines and two black coloured horizontal line represent the Planck 2o allowed region
and the rest of the light gray shaded region is disfavoured by the Planck data and Planck+
BICEP2+4Keck Array joint constraint.

Hence using eq. (4.26), I get the following stringent constraint on the upper bound on
the monomial index (8 of the inflationary potential in terms of the magnetic field at the

1 v/Bg
4 (1+ s o (g5A))
s

present epoch as:

B < (6.29)
(1- sk (i)
b (24
where
A-/'\717 = Meh;b - Ncmb;b + AA/I) (630)

Here using eq. (6.15) in Eq one can derive the following constraint on AN} as:

- 398 v/ By
AN, < AN, In <(2p7)1/4) . (6.31)

Further using eq. (5.22) the reheating energy density can be computed as:

Preh = (632)

(346 1077 M) o {6ﬁANb] y ( By >_“ﬁ4’
1+ (1+3) ang) B+2 N
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Figure 7. Variation of 7(a) the magnetic field at the present epoch By, 7(b) reheating energy
density and 7(c) logarithm of reheating characteristic parameter with respect to the characteristic
index §3 of the hilltop potential for AN; = 50, |AN,| = 7 and o ~ 5x 10716 M;}. .. The green shaded
region bounded by two vertical black coloured lines and two black coloured horizontal line represent
the Planck 20 allowed region and the rest of the light gray shaded region is disfavoured by the Planck
data and Planck+ BICEP2+Keck Array joint constraint. In 7(a)-7(c) the black horizontal dotted
line correspond to the 20 CL constrained value of the magnetic field at the present epoch, reheating

energy density and In(Rs.).
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Figure 8. Variation of 8(a) the reheating energy density and 8(b) logarithm of reheating charac-

teristic parameter with respect to the scaled magnetic field at the present epoch \/';‘)7 for the char-
acteristic index 8 = 0.7(blue), 0.8(red), 0.9( ), 1.0(purple), 1.1(brown). Here I fix AN, = 50,

AN, =T and o ~5x 10716 M.
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and also using the numerical constraint on the energy density at the end of inflation, as
stated in eq. (6.6), I get following stringent constraint on the magnetic field measured at
the present epoch in terms of model parameter 3 for instantaneous reheating? as:

(8.68><10*6)# [14+(1+2) A 5 By (7.02“074)% (14 (1+2) AN] 48 .
oxp 55 20 ISy (6.33)

Next using eq. (5.36), I get the following constraint on the dimensionless magnetic density
parameter:

BiMS .
Op,., = L 5 % (7.16 x 107'%) x exp [SAN}] . (6.34)
20 H30% [1+ (14 3) AN

Finally the rescaled reheating parameter can be expressed in terms of the model parameters
of the monomial models of inflationary potential as:

_ 1/2
3.03 x 1072 3BAN, By
Rs. = X exp [ ] X ( > (6.35)
[1 + (1 + %) A/\/b} v 2(8+2) V204

and using the numerical constraint on the rescaled reheating parameter as stated in eq. (6.5)
I get the lower bound on the present value of the magnetic field for the monomial poten-
tials as:

}1/2

B _ 8.6 x 10723 x [1 n (1 n %) AN,

Ve, o [2251]

(6.36)

In figure 7(a), fog. 7(b) and in figure 7(c) I have explicitly shown the variation of the mag-
netic field at the present epoch By, reheating energy density pron and logarithm of reheating
characteristic parameter In(Rs.) with respect to the characteristic index 3 of the monomial
potential for the number of e-foldings AN}, = 50. The green shaded region bounded by two
vertical black coloured lines and two black coloured horizontal line represent the Planck
20 allowed region and the rest of the light gray shaded region is disfavoured by the Planck
data and Planck+ BICEP2+Keck Array joint constraint. Also in figure 8(a) and in fig-
ure 8(b) I have depicted the behaviour of the reheating energy density pron and logarithm
of reheating characteristic parameter In(Rs.), with respect to the scaled magnetic field at
the present epoch By/ \/ﬁ for the characteristic index 0.7 < 8 < 1.1.

Z5For instantaneous reheating the energy density of inflaton at the end of inflation is instantaneously
converted to the reheating energy density or radiation and the instantaneous transition occurs at pend = Preh-
Commonly this physical situation is known as instantaneous entropy generation scenario [68].
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Further using eq. (6.13) in eq. (3.39) and eq. (3.61) finally I get the following constraints
on the regulating factor within RSII setup as:?°

4

2/5
M
Sy(kr = ko, k) X (,f) ~ O(1.58 x 10721) x [1 + (1 + ;) A/\/b] (6.38)

which is compatible with the observed/measured bound on CP asymmetry and baryon
asymmetry parameter.

From figure 7(a), figure 7(b) and figure 7(c) I get the following 20 constraints on mag-
neto reheating cosmological parameters computed from the monomial inflationary model:

5.969 x 10710 Gauss < By = / SRk 4p 4,638 x 107 Gauss, (6.39)
1.940 x 107" M} < pp, = BZ/2 < 1.171 x 107" M}, (6.40)

4.061 x 107° M, < preh < 1.591 x 107% M, (6.41)

6.227 x 1074 x g, */* M, < Topy < 4.836 x 1072 x g, /* M, (6.42)
Ciotal ~ 0.24 M,, (6.43)

1.55 x 1073 < Ry < 1.24 x 1072, (6.44)

ecp ~ 0(1079), (6.45)

nB ~ 01077, (6.46)

0.121 <r< 0.124, (6.47)

0.969 <ng < 0.970, (6.48)

2.3794 x 107? < Ps < 2.3798 x 1079, (6.49)

8.08 x 1073 M, <V < 8.13 x 1073 M), (6.50)

for the number of e-foldings AN}, = 50, |AN,| = 7, mean equation of state parameter
—0.48 < Wyen < —0.29 and Qyaqh? ~ 2.5 x 107°, along with the following restricted model
parameter space:

0.7 <B< 11, (6.51)
o~ 5x107'% M, (6.52)
e 1/3
Ms ~ 1.042 x 10732 x =2 . (6.53)
|As|

It is important to note that, if I choose different parameter space by allowing fine tuning
in—(1) the energy scale of monomial potential Vo = M*, (2) the brane tension o and (3) the
characteristic index of the monomial potential 8 then the overall analysis and the obtained
results suggests that-

26 After fixing AN, = O(50 — 70), the regulating factor within RSIT can be constrained as,

M4 2/5
3.06 x 107" < By (k. = ko, k) x (7”) <3.13x 1071, (6.37)

which is consistent with the upper bound mentioned in eq. (3.50).
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e For 5 < 0.7, the amplitude of the scalar power spectrum Pg match the Planck 2015
data and also consistent with the joint constraint obtained from Planck +BICEP2
+Keck Array. But the allowed range for scalar spectral tilt ng is outside the obser-
vational window. Also in this regime the value of tensor-to-scalar ratio r is lower
compared to the upper bound i.e. r < 0.12. On the other hand, for very low 3 the
estimated value of the magnetic field at the present epoch By from the monomial
model is very very small and can reach up to the lower bound

By > 101° Gauss. (6.54)

Similarly for low 3, the reheating energy density pro, or equivalently the reheating
temperature Tyen falls down and also the rescaled reheating parameter Rg. decrease.

e For 1.1 < 8 < 1.2, both the amplitude of the scalar power spectrum Pg and the
scalar spectral tilt ng are perfectly consistent with the Planck 2015 data and also
consistent with the joint constraint obtained from Planck+BICEP2+Keck Array.
But for § > 1.2 the estimated value of the amplitude of the scalar power spectrum
falls down from its predicted bound from observation. Also for 5 > 1.2 region the
value of tensor-to-scalar ratio r is very very large compared to its the upper bound
i.e. > 0.12. As 8 increases the estimated value of the magnetic field at the present
epoch By exceeds the upper bound i.e.

By > 107? Gauss (6.55)

as obtained from Faraday rotation. Additionally in the large S regime the reheating
energy density pren Or equivalently the reheating temperature 7., and the rescaled
reheating parameter Rg. are not consistent with the observational constraints.

6.2 Hilltop models

In case of hilltop models the inflationary potential can be represented by the following

- (i)ﬂ] (6.56)

where Vy = M* is the tunable energy scale, which is necessarily required to fix the am-

functional form:

Vig) =V

plitude of the CMB anisotropies and § is the characteristic index which characterizes the
feature of the potential. In the present context Vj mimics the role of vacuum energy and
the scale of inflation is fixed by this correction term. The variation of the hilltop potential
for the index 8 = 2,4, 6, mass parameter p = 0.1 M,,1 M,,10 M, and the tunable scale

Vo =412 x 1072 M, = 10'® GeV (6.57)

is shown in figure 9(a), figure 9(b) and figure 9(c) respectively. To analyze the detailed
features of the hilltop potential here I start with the definition of number of e-foldings
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Hilltop potential
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Figure 9. Variation of the hilltop potential for the index 8 = 2,4,6. Here I fix the tunable scale
at v/Vo =4.12 x 1073 M, = 10'6 GeV.
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ANy(¢) in the high energy regime of RSII setup (see appendix A for details), using which
I get:
Vou?

BNO) ~ gm0~ 6t ). (6.58)
p

Further setting ¢ = ¢cmp in eq. (6.58), the field value at the horizon crossing can be

computed as:

_1
2003 (8 —2) MFAN, | *~7
Gend 1V

where ¢onq represents the field value of inflaton at the end of inflation. Within RSII setup

¢cmb ~ ¢end [1 + (659)

from the violation of the slow-roll conditions one can compute:

1 B
%) 2(8-1) wo\ A1
nd A _— M,. .
Pend <2052> <Mp) » (6.60)

From hilltop models of inflation the scale of the potential at the horizon crossing and at
the end of inflation can be computed as:

1 (‘l’ib)ﬂ] (6.61)

8
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Pcmb = V(¢cmb) =W

B

Vo \ZF0 [ p \ P 23 (8 — 2) ML AN,
=V |1- 2032 M, L+ 8@=5) 7
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(B-1) B—
()77 (#) 7 w'W
1— <¢end>ﬂ
"

B 8
Vo \26-D wo\ A1
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Further using the consistency condition in the high energy regime of RSII braneworld, as

Pend = V(¢end) =W =W

stated in eq. (A.2) of the appendix A, one can derive the following expressions for the
tensor to scalar ratio and scalar spectral tilt as:

B8
1% 2<BﬁT> % 20B8(8—2) ME AN, o
- - B(B—
Vo |1 (20%2> (Mip> 1+ 2-8 =
(22,) 200 () 71 vy
208 Mp
PS(k*) - 206-1) s
2=
3672014 QJQE%—Q)A/\@ _
(22) 277 () v
(6.63)
2(6-1)
278
2 —2)A
r(h) = 240 14— 2B B=D AN, : (6.64)

Vo \ 702D 72T
0 =0 ()P
()7 ()T W0
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and to satisfy the joint constraint on the scalar spectral tilt and upper bound of tensor-

to-scalar ratio as observed by Planck (2013 and 2015) and Planck+BICEP2+Keck Array,
one need the following constraint on the parameters of the inflationary potential:

ng(k) —1~ —6{ 1+ (6.65)

2.65(8—2 _
Vo B(B - 2) 2032 M, ' '

The behaviour of the tensor-to-scalar ratio r with respect to the scalar spectral index ng
and the characteristic parameter of the hilltop potential 8 are plotted in figure 10(a) and
figure 10(b) respectively.
From 10(a) it is observed that, within 50 < AN} < 70 the hilltop potential is favoured
for the characteristic index
B > 2.04, (6.67)

by Planck 2015 data and Planck+ BICEP2+Keck Array joint analysis. In 10(b) I have
explicitly shown that the in » — § plane the observationally favoured window for the char-
acteristic index is § > 2.04. Additionally it is important to note that, for hilltop potentials
embedded in the high energy regime of RSII braneworld, the consistency relation between
tensor-to-scalar ratio r and the scalar spectral ng is given by,

r=4(1 —ng). (6.68)

On the other hand in the low energy regime of RSII braneworld or equivalently in the GR
limiting situation, the consistency relation between tensor-to-scalar ratio r and the scalar

spectral ng is modified as,

r A g(l —ng). (6.69)

This also clearly suggests that the estimated numerical value of the tensor-to-scalar ratio
from the GR limit is different compared to its value in the high density regime of the
RSII braneworld. To justify the validity of this statement, let me discuss a very simplest
situation, where the scalar spectral index is constrained within

0.969 < ng < 0.970, (6.70)

as appearing in this paper. Now in such a case using the consistency relation in GR limit
one can easily compute that the tensor-to-scalar is constrained within the window,

0.080 < r < 0.083, (6.71)

which is pretty consistent with Planck 2015 result.
Variation of the 11(a) scalar power spectrum Pg vs scalar spectral index ng, 11(b)
scalar power spectrum Pg vs index [ and 11(c) scalar power spectrum ng vs index
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Figure 10. Behaviour of the tensor-to-scalar ratio r with respect to 10(a) the scalar spectral
index ng and 10(b) the characteristic parameter of the hilltop potential $ for the brane tension
o~ 107 M;)L and the mass scale parameter y = 5.17 M,. The purple and blue coloured line
represent the upper bound of tenor-to-scalar ratio allowed by Planck+ BICEP2+Keck Array joint
constraint and only Planck 2015 data respectively. The small and the big bubbles represent two
consecutive points in » — ng plane, where for the small bubble AN, = 50,7 = 0.124,ng = 0.969
and for the big bubble AN, = 70,7 = 0.121,ng = 0.970 respectively. In 10(a) and 10(b) the green
dotted region signifies the Planck 20 allowed region and the rest of the light grey shaded region
is excluded by the Planck data and Planck+ BICEP2+Keck Array joint constraint. From 10(a)
it is observed that, within 50 < AN}, < 70 the hilltop potential is favoured for the characteristic
index 8 > 2.04, by Planck 2015 data and Planck+ BICEP2+Keck Array joint analysis. In 10(b)
I have explicitly shown that the in » — 8 plane the observationally favoured lower bound for the
characteristic index of the hilltop potential is 8 > 2.04.
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Pg vs ng plot for Hilltop potential Py vs f3 plot for Hilltop potential
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Figure 11. Variation of the 11(a) scalar power spectrum Pg vs scalar spectral index ng, 11(b)
scalar power spectrum Pg vs index 8 and 11(c) scalar power spectrum ng vs index 8. The purple
and blue coloured line represent the upper and lower bound allowed by WMAP+Planck 2015
data respectively. The green dotted region bounded by two vertical black coloured lines represent
the Planck 20 allowed region and the rest of the light gray shaded region is disfavoured by the
Planck+WMAP constraint.
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B. The purple and blue coloured line represent the upper and lower bound allowed by
WMAP+Planck 2015 data respectively. The green dotted region bounded by two vertical
black coloured lines represent the Planck 2¢ allowed region and the rest of the light gray
shaded region is disfavoured by the Planck+WMAP constraint. From the figure 11(a)-
figure 11(c) it is clearly observed that the characteristic index of the the inflationary po-
tential is constrained within the window

204 < B <24 (6.72)
for the amplitude of the scalar power spectrum,
2.3794 x 1072 < Pg < 2.3798 x 107 (6.73)

and scalar spectral tilt,
0.969 < ng < 0.970. (6.74)

Now using eq. (6.63), eq. (6.64) and eq. (6.65) one can write another consistency rela-
tion among the amplitude of the scalar power spectrum Pg, tensor-to-scalar ratio r and
scalar spectral index ng for hilltop potentials embedded in the high density regime of RSII
braneworld as:

B _B_
- ()7 () 2]
Py =
S 6m2(1 — ng)
\% 2(;71) %
2, {1 - (%) (4) (2’"4)2”‘”]

= . (6.75)

Further using eq. (3.28), I get the following stringent constraint on the tunable energy scale
of the hilltop models of inflation:

Vo=M" <598x107°% M,. (6.76)

The variation of the energy scale of the hilltop potential with respect to the characteristic
index /3 for the brane tension o ~ 107 M;,l and the mass scale parameter p = M, is
shown in figure 12. This analysis explicitly shows that for o ~ 107 M;} the tensor-to-
scalar ratio and scalar spectral tilt are constrained within the window, 0.121 < r < 0.124
and 0.969 < ng < 0.970, which is consistent with 20 CL constraints.  Further using
eq. (5.22) and eq. (5.23) the reheating energy density can be computed as:
2(8=1)
2-p

2063 (8 —2) AN,

Vo \ 7020 BT

0 =0 (p \F-

(2052> (Mp) Vo
6

_ B 6.77
exp [3ANb] X (\/2077> for Wy, =0 ( )

B,
exp [4A~/\_/’b] ( BO > 1n<\/22ﬁ> for Wreh 7& 0.

Pren > (8.46 x 1077 M) x ¢ 1+
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Figure 12. Variation of the energy scale of the hilltop potential with respect to the characteristic
index 3 for the brane tension o ~ 107 M, and the mass scale parameter . = M,. The green
dotted region bounded by two vertical black coloured lines and one black coloured horizontal line
represent the Planck 20 allowed region and the rest of the light gray shaded region is disfavoured
by the Planck data and Planck+ BICEP2+Keck Array joint constraint. This analysis explicitly
shows that the 20 allowed window for the parameter /8 within 2.04 < § < 2.4 constraints the
scale of inflation within 8.08 x 107% M, < ¥/Vi < 8.13 x 1073 M,. Here for o ~ 1072 M, the
tensor-to-scalar ratio and scalar spectral tilt are constrained within the window, 0.121 < r < 0.124
and 0.969 < ng < 0.970, which is consistent with 20 CL constraints.

Next using eq. (5.36), I get the following constraint on the dimensionless magnetic density

parameter:

BiMS

= 2 P x(7.16x 107
Bend 240_ng2/ ( )

4(B-1)
2-8
2003 (8 —2) AN,
2-p B
Vo \2FD ([ \FT
(#5)" 7 ()W

Finally the rescaled reheating parameter can be expressed in terms of the model parameters

x 1+ x exp [8AN] . (6.78)

of the hilltop models of inflationary potential as:?”

=5
2 —2)A - B
Ry =3.03x107%x ¢ 1 + of §i ) AN > exp [AN] x ®_ . (6.80)
(Vg >2<5—1> <L>ﬁv \/ﬂ
2032 M, 0

2"The CMB constraint on the lower bound of the rescaled reheating parameter for hilltop models within
20 CL is given by [74]:
Rse >9.29 x 1071, (6.79)
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Figure 13. Variation of 13(a) the magnetic field at the present epoch By, 13(b) reheating energy
density and 13(c) logarithm of reheating characteristic parameter with respect to the characteristic
index 3 of the hilltop potential for AN} = 50, |AN}| = 11.5, 0 ~ 107° M;,l7 w=1M, and Wyen = 0.
The green dotted region bounded by two vertical black coloured lines and two black coloured
horizontal line represent the Planck 20 allowed region and the rest of the light grey shaded region is
disfavoured by the Planck data and Planck+ BICEP2+Keck Array joint constraint. In 13(a)-13(c)
the black horizontal dotted line correspond to the 20 CL constrained value of the magnetic field at
the present epoch, reheating energy density and In(Rs..).
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~ =20
g 10 1
< 1072 - 4
10_24 1- L . . . ! . . L . I . L L . ! . . . . 14
0.0000 0.0005 0.0010 0.0015 0.0020
BO/ 2 py
(a) pren vs Bo//2p.
Ry vs Bo/+[ 2 p, plot for Hilltop potential
_4 :_\ T T T T T T T T T T T T T T T T T T T ]
-5 _ /7 .
- / —
—6[ ]
A
2
-7F ]
S i B=4
: -8 L ]
9 _ B=24 ]
1 2 3 4 5

BO/ 2 py
(b) In(Rse) vs Bo/v/2p5.

Figure 14. Variation of 14(a) the reheating energy density and 14(b) logarithm of reheating

characteristic parameter with respect to the scaled magnetic field at the present epoch \/BQOT for
Y

the characteristic index 5 = 2.04(red), 2.4(blue), 4(purple).
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and using the numerical constraint on the rescaled reheating parameter as stated in
eq. (6.79) I get the lower bound on the present value of the magnetic field as:

2(5-1)
3(5—2)
—12 208(8—2) AN
445 x 107 x ¢ 1+ PN = Sy
By (2052) (W) Vo
> T (6.81)
20+ exp [3 AN

In figure 13(a), figure 13(b) and figure 13(c) I have explicitly shown the variation of the
magnetic field at the present epoch By, reheating energy density pren and logarithm of
reheating characteristic parameter In(Rs.) with respect to the characteristic index S of
the hilltop potential for the number of e-foldings AN} = 50, |AN;| = 11.5, brane tension
o~ 1077 M;, mass scale parameter ;4 = 1 M, and mean equation of state parameter
Wreh = 0. The green dotted region bounded by two vertical black coloured lines and two
black coloured horizontal lines represent the Planck 20 allowed region and the rest of the
light grey shaded region is disfavoured by the Planck data and Planck+ BICEP2+Keck
Array joint constraint. Also in figure 14(a) and in figure 14(b) I have depicted the behaviour
of the reheating energy density p..n and logarithm of reheating characteristic parameter
In(Rs.), with respect to the scaled magnetic field at the present epoch By/ \/ﬂ for the
characteristic index 2.04 < 8 < 2.4.

Using eq. (6.64) in eq. (3.39) and eq. (3.61), finally I get the following constraints on

the magnetic regulating factor within RSII setup as:?®

274\ 2/
Eb(kL = ko,kﬁ*) X <p>
g

2(8=1)
B—2

206 (8 —2) AN,
2=B _B_
()7 (i) 0

which is compatible with the observed/measured bound on CP asymmetry and baryon

~0(1.99x 1072 x {1+

(6.83)

asymimetry parameter.
From figure 10(a)-figure 13(c), I get the following 20 constraints on cosmological pa-
rameters computed from the hilltop inflationary model:

1.238 x 1079 Gauss < By = 1/ SEE=00M) pp < 1,263 x 1079 Gauss, (6.84)
8.345 x 107192 M < pp, = B3/2 < 8.685 x 107"%* M, (6.85)
4.945 x 107 M) < Pren < 5.128 x 107 M}, (6.86)

28 After fixing AN, = O(50 — 70), the regulating factor within RSIT can be constrained as,

M4 2/5
Sy (kz = ko, ki) X (7‘“) <3.98x 107", (6.82)

which is consistent with the upper bound mentioned in eq. (3.50).
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6.227 x 1074 x g V/* M, < Toep < 6.283 x 1074 x g, /* M, (6.87)
Ctotal ~ 1.7 x 107* M), (6.88)

7x107° < Ry < 7.11 x 1075, (6.89)

€cp ~ 0(107%), (6.90)

nB ~ O(107Y), (6.91)

0.121 <r< 0.124, (6.92)

0.969 <ng < 0.970, (6.93)

2.3794 x 107 < Ps < 2.3798 x 1077, (6.94)

8.08 x 1073 M, < IV < 8.13 x 1073 M,, (6.95)

for the number of e-foldings AN = 50, |AN}| = 11.5, mean equation of state parameter
Wreh = 0 and Quagh?® ~ 2.5 x 1072, along with the following restricted model parame-

ter space:
2.04 < <24, (6.96)
o~ O(Mp), (6.97)
o~ 107" My, (6.98)
e 1/3
My ~ [ 4.170 x 10720 x 2 . (6.99)
|As|

It is important to mention here that, if I choose different parameter space by allowing fine
tuning in-(1) the energy scale of hilltop potential Vo = M*, (2) the mass scale parameter y
of the hilltop model, (3) the brane tension o and (4) the characteristic index of the hilltop
potential S then the overall analysis and the obtained results suggests that-

e For § < 2.04, the amplitude of the scalar power spectrum Pg and the scalar spectral
tilt ng match the Planck 2015 data and also consistent with the joint constraint
obtained from Planck+BICEP2+Keck Array. But in this regime the value of tensor-
to-scalar ratio r exceeds the upper bound i.e. » > 0.12. On the other hand, for very
low (8 the estimated value of the magnetic field at the present epoch By from the
hilltop model is very very small and can be able to reach up to the lower bound

By > 107 Gauss. (6.100)

Similarly for low [, the reheating energy density pro, or equivalently the reheating
temperature Tyn falls down and also the rescaled reheating parameter Rg. decrease.

e For § > 2.4, the amplitude of the scalar power spectrum Pg and the scalar spectral
tilt ng are perfectly consistent with the Planck 2015 data and also consistent with the
joint constraint obtained from Planck+BICEP2+4Keck Array. But in this case the
value of tensor-to-scalar ratio r is very very small compared to its the upper bound
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i.e. r < 0.12. As 8 increases the estimated value of the magnetic field at the present
epoch By exceeds the upper bound i.e.

By > 107Y Gauss (6.101)

as obtained from Faraday rotation. Additionally in the large S regime the reheating
energy density pron, or equivalently the reheating temperature T;¢, and the rescaled
reheating parameter R, are not consistent with the observational constraints.

7  Summary

To summarize, in the present article, I have addressed the following points:

e [ have established a theoretical constraint relationship on inflationary magnetic field
in the framework of Randall-Sundrun braneworld gravity (RSII) from: (1) tensor-
to-scalar ratio (r), (2) reheating, (3) leptogenesis and (4) baryogenesis for a generic
large and small field model of inflation with a flat potential, where inflation is driven
by slow-roll.

e For such a class of model it is also possible to predict amount of magnetic field at
the present epoch (Bj) by measuring non-vanishing CP asymmetry (ecp) in leptoge-
nesis and baryon asymmetry (np) in baryogenesis or the tensor-to-scalar ratio in the
inflationary setup.

e Most significantly, once the signature of primordial gravity waves will be predicted
by in any near future observational probes, it will be possible to comment on the
associated CP asymmetry and baryon asymmetry and vice versa.

e In this paper I have used important cosmological and particle physics constraints
arising from Planck 2015 and Planck+BICEP2/Keck Array joint data on the ampli-
tude of scalar power spectrum, scalar spectral tilt, the upper bound on tenor to scalar
ratio, lower bound on rescaled characteristic reheating parameter and the bound on
the reheating energy density within 1.5¢ — 20 statistical CL.

e Further assuming the conformal invariance to be restored after inflation in the frame-
work of Randall-Sundrum single braneworld gravity (RSII), I have explicitly shown
that the requirement of the sub-dominant feature of large scale magnetic field after
inflation gives two fold non-trivial characteristic constraints- on equation of state
parameter (w) and the corresponding energy scale during reheating (pi}/f) epoch.

e Hence avoiding the contribution of back-reaction from the magnetic field I have es-
tablished a bound on the reheating characteristic parameter (R,;) and its rescaled
version (Rs.), to achieve large scale magnetic field within the prescribed setup and
apply the Cosmic Microwave Background (CMB) constraints as obtained from recent
Planck 2015 data and Planck+BICEP2/Keck Array joint data.
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e To this end I have explicitly shown the cosmological consequences from two specific
models of brane inflation- monomial (large field) and hilltop (small field) after ap-
plying all the constraints obtained from inflationary magnetic field. For monomial
models I get, 5.969 x 10710 Gauss < By < 4.638 x 10~? Gauss, 4.061 x 1075 M} <
pren < 1.591 x 1073 My, 1.940 x 107132 M} < pp, < 1.171 x 107130 M,
6.227 x 107 x g. '/* M, < Tien < 4.836 x 1073 x g. '/* My, Tiorar ~ 0.24 M,,
1.55 x 1073 < Rg. < 1.24 x 1072, ecp ~ O(107°), np ~ O(1079), 0.121 < r < 0.124,
0.969 < ng < 0.970, 2.3794 x 107? < Pg < 2.3798 x 1072, 8.08 x 1073 M, < v/ <
8.13 x 1073 M, for 0.7 < B < 1.1, —0.48 < Wyep, < —0.29, AN}, = 50, AN, = 7 and
o~5x10716 M;,l. Similarly for hilltop models I get, 1.238 x 1072 Gauss < By <
1.263x 1072 Gauss, 4.945x 107 M < prep, < 5.128x1071 M}, 8.345x 107132 M} <
pBo < 8.685x 107152 M4, 6.227 x 1074 x g5 /* M, < Thon < 6.283x 10 x g /* M,,,
Ciotal ~ 1.7x107* M, 7x 1075 < Ry < 7.11x 1075, ecp ~ O(1078), np ~ O(1079),
0.121 < r < 0.124, 0.969 < ng < 0.970, 2.3794 x 107 < Pg < 2.3798 x 1079,
8.08 x 1073 M, < ¥V < 8.13 x 1073 M, for 2.04 < B < 2.4, Wy, = 0, AN} = 50,
AN, =11.5,0 ~ 1077 M} and =1 M,

e The prescribed analysis performed in this paper also shows that the estimated cos-
mological parameters for both of the models confronts well with the Planck 2015 data
and Planck+BICEP2+Keck Array joint constraint within 20 CL for restricted choice
of the parameter space of the model parameters within the framework of Randall-
Sundrum single braneworld. Also it is important mention here that by doing parame-
ter estimation from both of these simple class of models, it is clearly observed that the
magneto-reheating constraints serve the purpose of breaking the degeneracy between
the inflationary observables estimated from both of these inflationary models.

Further my aim is to carry forward this work in a more broader sense, where I will apply
all the derived results to the rest of the inflationary models within RSII setup. The other
promising future prospects of this work are-

1. One can follow the prescribed methodology to derive the cosmological constraints
in the context of various modified gravity framework i.e. Dvali-Gabadadze-Porrati
(DGP) braneworld [69], Einstein-Hilbert-Gauss-Bonnet (EHGB) gravity [36, 70],
Einstein-Gauss-Bonnet-Dilaton (EGBD) gravity [34, 35, 37, 38] and f(R) theory
of gravity [72, 73] etc.

2. Hence using the derived constraints one can constrain various classes of large and
small field inflationary models [67, 75, 76, 78-81] within the framework of other
modified theories of gravity.

3. One can explore various hidden cosmological features of CMB E-mode and B-mode
polarization spectra from the various modified gravity frameworks, which can be
treated as a significant probe to put further stringent constraint on various classes of
large and small field inflationary models.
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4. One can study the model independent prescription of describing the origin of pri-
mordial magnetic field by reconstructing inflationary potential [61, 82] from various
cosmological constraints from the observed data.

5. One can also implement the methodology for the alternative theories of inflation
i.e. bouncing frameworks and related ideas. For an example one can investigate for
the cosmological implications of cosmic hysteresis scenario [83] in the generation of
primordial magnetic field.

6. Explaining the origin of primordial magnetic field in presence of non-standard/ non-
canonical kinetic term, using non-minimal inflaton coupling to gravity sector, multi-
field sector and also exploring the highly non-linear regime of field theory are serious of
open issues in this literature. String theory originated DBI and tachyonic inflationary
frameworks are the two prominent and well known examples of non-standard field
theoretic setup through which one can explore various open questions in this area.
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A Inflationary consistency relations in RSII

In the context of RSII the spectral tilts (ng, ny), running of the tilts (g, ar) and running
of the running of tilts (k7, kg) at the momentum pivot scale k, can be expressed as:

ns(k)*) —1= 277b(¢*) — Geb(k*), (Al)
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r(ky)

nr(k) = —3e(k) =~ (A.2)
as (ki) = 16m(k+)ep (k) — 18€p (kv) — 265 (K., (A.3)
ar(ky) = 6mp(k)ep(ke) — 9ep (k) (A4)

kg (ke) = 15205 (ki )ed (ki) — 326 (k)i (k) — 108€) (ky)
— 24&7 (K )ep (k) + 2 (ke )Ej (K) + 207 (K, (A.5)

rr(ky) = 661y (ks )ep (ki) — 12y (k)i (ki) — bdep (ki) — 6ep(ki)&p (ki).  (A.6)

In terms of slow-roll parameters in RSII setup one can also write the following sets of

consistency conditions for brane inflation:

nr(ka) — (k) +1 = (diﬁ;f))* - [“’8‘“*) - 2nb(k¢*)] , (A7)
ar(k.) — as(k (d?f;;g ) = [(T(S))Q -2 (“’8“* > + 255(1@)] . (A8)
<d3 Inr(k >
dln k3
_ [2 ) - ¥ (“8“) (4.9)

+3 (652(@) #oip(e)) (") + om0 + 20000

Here eq. (A.7)—(A.9)) represent the running, running of the running and running of the

k(i) — ks (k) =

double running of tensor-to-scalar ratio in RSII brane inflationary setup. Within high
energy limit p > o the slow-roll parameters in the visible brane can be expressed as:

eb(¢) ~ W (A.10)
() ~ W (A.11)
& (9) ~ el OQX;EQVW( ) (A.12)
. a
CHORS Sy (“// (f))) (@) (A.13)
and consequently the number of e-foldings can be written as:
AN = Nifocns) = Nilo) ~ g [ a0 (A14)

where ¢, corresponds to the field value at the end of inflation, which can be obtained from
the following constraint equation:

max [ev, [mel, €51, |op]] = 1. (A.15)
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B Evaluation of I¢(kr, ka) integral kernel

e R R (9

Ie(krska) =
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where Q@ =np + 2, P = ap/2 and F = kp/6.

C Evaluation of J(kp, ka) integral kernel
Ll (R ()’

3 ks ks

kA ng+3 kL ng+3
() -]

J(kky) = {(f) :<1+2P—Q>+<Q—27>>1n (:) P (k

_
(TLB + 3)
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where Q@ =np+2, P =ap/2 and F = kp/6.
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for Case I
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for Case III

for Case IV
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for Case 1

for Case 11
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