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@ Introduction

@ Motivation

@ Inflationary model realised in Gauss — Bonnet gravity

@ Inflationary model realised in f(R) gravity that resembles scalar-tensor theories of gravity
@ Inflationary model realised within f(R) gravity, with an exponential non-minimal coupling
@ Discussions and conclusions

@ Further research interests and prospects



Cosmological Principle

@ Cosmological principle states that, viewed on a sufficiently large scale, the properties of the
universe are same for all the observers.

@ That is, the Universe must be homogeneous and isotropic at large scales.
@ What do observations suggest?

Figure : Fluctuations in Cosmic Microwave Background Radiation (CMB).

Credit: ESA
@ CMB fluctuations are of the order of %T ~ 1070,

@ Cosmological principle is consistent with observations. .



Friedmann-Robertson-Walker Cosmology

@ The mathematical frame work in which cosmological principle is incorporated are metric theories
of gravity.
@ The line element is:
2
T

4s* = —dt* + a(0)* (1255 + 7 (d0° + sin? 006)

where K= -1, 0, 1
@ Friedmann Equations:

o’ + K 8wGp+ Ad g774wc( +3£)+L02
a? N 3 a 3 c? 3
3(14w) P

@ We have p xx a™ where w = e
@ Within Friedmann-Robertson-Walker cosmology, the evolution of Universe follows:
o Radiation dominated: P = p and a oc t7.
o Matter dominated: P =0 and a o (2.

o A dominated: P=—pandaxel.



Problems with Standard Cosmology

@ Standard model of cosmology successfully trace the history of Universe from as early as 1 ns after
Big Bang. However, it suffers from problems such as:

@ Horizon Problem: The observed CMB radiation confirmed our belief of isotropic and homogeneous
Universe. But why at this large scale?

@ Fine tuning Problem: K = 0 is an unstable point which requires extreme fine tuning of the Universe at
early time.

@ Structure Formation: Density perturbations could generate structure. But what caused primordial density
perturbations.



Cosmological Puzzles and Inflation as a solution

@ It can be seen that cosmological puzzles are associated with an increasing comoving
horizon.

@ Inflation an early phase of Universe where comoving horizon decreases solves these
problems

The Horizon Problem
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Cosmological Puzzles and Inflation as a solution

@ It can be seen that cosmological puzzles are associated with an increasing comoving

horizon.
@ Inflation an early phase of Universe where comoving horizon decreases solves these

problems

Fine Tuning Problem

@ While Q(a) = 1 is an unstable point during radiation dominated expansion and matter
dominated expansion. However, it is an attractor during Inflation.

where Q(a) = 29, o

Perit(a)

Open Universe

During Inflation



Cosmological Puzzles and Inflation as a solution

@ It can be seen that cosmological puzzles are associated with an increasing comoving

horizon.
@ Inflation an early phase of Universe where comoving horizon decreases solves these

problems

Solution to the Problem of Density Perturbation

Horizon Re-entry —— /

Hubble radius

Horizon Exit

) Radiation Matter
Inflation Dominated Dominated
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Dynamical Mechanism of Inflation

@ The condition for Inflation is @ > 0.

@ Friedmann Equations:

a + Kc? _ 8nGp a _ AnG ( n 3p>

a? 3 a 3 c?

From Friedman Equations we can see that inflation demands P < —%p.
For a scalar field we have:

p= 34V P=38 V()

@ Models of Inflation
o de-Sitter a = age’*. Driven by cosmoloical constant.
o Power-law a = agt?. Driven by scalar with potential of form:

V() = (3p )( /ti )2 -5 whereo = (%)1/2 M,

T
@ However, these exact solutions does not have an exit mechanism, and hence are not viable.
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Slow-Roll Infation

@ The widely used frame work of Inflation is of slow-roll, where a scalar field slowly rolls down the
potential hill inflating the universe.

@ During slow-roll the potential remains
almost a constant.

V(@)

po= 38 +V(0)  Pa= 58— V()

@ An example- Higgs Inflation, with potential:

V(p) = M* (1 - e—\/ﬁwm,)

@ The quantum fluctuations of the scalar field
act as the seeds of structure formation.
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Problems of Inflation

@ Inflation is the most successful paradigm that explains early Universe. However Inflation suffers
from problems such as:

e There is no unique mechanism for Inflation.
e Inflation requires scalar fields with non-standard potentials. Based on canonical
scalar field, Inflationary models require potentials of the form

N

V(d)) = Z (32'n,¢2n

n=0

where c¢g,,'s are real numbers and N > 2.

o Inflaton has to be light, the eta problem.
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Problems of GR

@ General relativity is successful. However people consider alternatives where GR is obtained as an
approximation.

@ The need for modified gravity: Observational aspects:

@ The unsolved problems such as dark energy, dark matter etc.
@ Absence of an unique mechanism for Inflation.

@ The need for modified gravity: Theoretical aspects:

@ General relativity permits singularities.
@ General relativity cannot be conventionally quantized.

o ..

@ Possible modifications to general relativity

@ Scalar field theories.
@ Tensor-theories.
© Scalar-tensor theories

Q..
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Focus of the work

@ What is the scalar field that drives inflation (inflaton)?

e Scalar fields compatible with Standard Model of Particle Physics. In 4-D, we
consider scalar field potentials of form.

V =A+m2¢? + \?

@ Is General relativity the right theory of gravity at Inflationary scales?

o General relativity could be a low energy limit of a more fundamental theory such as
f(Gauss — Bonnet), f(R), Scalar-tensor theories etc.

@ How is Inflaton coupled to gravity?

e We consider non-minimal Inflaton gravity coupling.
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Inflation within Gauss-Bonnet gravity

[JM and SS]

@ The Inflaton is Higgs Boson.

1 1 1
_ = o S22 = 4
L 28“(1)8 o+ 5™ 10) 4)\¢

A = 0.1291
= My/V2
My = 125 GeV [LHC Datal

@ Higgs field is non-minimally coupled to gravity through Gauss-Bonnet term.

5= / d4xm[ <¢>LGB—78,L¢8“¢> V(o)

Loy = R*—4R,, R" 4R, 6 R
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Background Equations

e For FRW metric, ds? = —dt? + a(t)?(dx? + dy® + dz?) the field equations are

0 = —24H*(H +H*)f (9) + 96+ V (¢) +3H
eom of scalar field
2
0 = 4LV (6) - 24 (9)
0 — 0 component of MEE
) .
0 = —% - % +V(9) - %& —16H(H + H?)f (¢) — 8H* [ (¢)

1 — 1 component of MEFE
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Exact Power-law Solution

oM

@ We have an exact Solution: Power-law

a(

A

ain Equation:

—2H? 4+ kd? — 24K H3 f (¢) + 22 + 165H§f' (¢) + 8xH?f (¢) =0

w:a0@%+TYZMhao:¢OG%+T)"hr

scale factor

Vie) = A1¢7%+A2¢27%+A3¢5%
F(#) = Bio* + Bag® 7 + Bag"r

n

time
where ‘p>1" and ‘n’ can be any real number and the co-efficients:

2 . . ‘ 2 1o
3(p—1)p? q;)[lJ/n (5n2p — n? + 2n%) O(1J/n 3 (;)2)/n
- Ay = 2PN A 2n7) Az =24p°C | 02—
rorD \ o 20-2ntn) \ W to

~1 sl/m\ 7 n2 sl/m\ 7 c e/
- By = B3 =
8kp(1l + p) to 16p2(1 + n)(1 — 2n + p) to p+3 to
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Power-law - Special case

@ f(¢)=as *and V(¢) = %)\d)‘l is a special case.

@ Our analysis yielded the solution:

@ Where the parameters are related by

3p(p —1)
2(p 4 1)2k2

o = (=D '
o 2k(p+ 1)\

Ao = —
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An earlier study: Slow roll analysis

0 f(¢) =ad ! =—5&¢ " and V(¢) = ;A¢" = Voo
@ A coupling and potential of this form is well studied, but using the slow-roll frame work
[Guo and Schwarz, PRD 2009,2010, Jiang and Guo, PRD 2013]

@ It was shown that Higgs scalar can’t act as the Inflaton with just the pure Gauss-Bonnet
coupling under slow-roll. [Bruck and Longden, PRD 2016 March]; They define av = 4V(&o/3
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Details of Numerical Analysis

o What happens with —3$m?¢? term in the potential?

@ The field equations are:

0 = —24H*(H + H*)f (¢) + ¢pd + V (¢) + 3H* eom of scalar field

2 ) .
0 = _ﬁ+%¢2+V(¢)—24H3f(q§) 0 — 0 component of MEE
K
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Inflation from Higgs field

e What happens with —3m?>¢? term in the potential?

Vb =75 (n- 1/2)2

@ Evoution of slow roll 5 5 0 S om0 o
_ _H - H == h(to) = 30225 GeV
parameter € = — 475 with g 20 ; h(te) - 95550 GV
number of e-foldings for 5 . ; h(to) = 8022.5 GeV
S 1. H T ;
different initial values £ : : :
< H : :
. 5 1.0 . : .
@ ¢ > 1 corresponds to exit g : : :
from Inflation. e 05 H : :
E J ; ;
= 0.0p==="saaaananan Biammmmmmmnn wElencnncmnmn="
_0'50 100 200 300 400 500

number of e-fodings (N)
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Inflation from Higgs field

e What happens with —3m?>¢? term in the potential?
_ A e 92
V() =7 (n? = 1?)

p=70

0.14f| == p=60
p=50

0.12f| == p=40

2

@ Evoution of slow roll
parameter 1 with number of

e-foldings

e

=

=
.

250

0-005 50 100 150 200
number of e-foldings (N)

23 /55



Inflation from Higgs field

o What happens with —3m?¢? term in the potential?

V(h) = 2 (h2 — 1/2>2

energy scale of universe in GeV
3162 1163 428.0 1574 5792 2131 7.839

15
_ 12,
- ;..'.
@ In(h) vs In(t) g ------- Ttraa, |
9 T
g ..
= 6 N
p == h(ty) = 302250 GeV \,
- == h(to) = ho = 95580 GeV ‘\
B3I - h(to) = 30225 GeV \
h(to) = 9558.0 GeV :
00 2 4 6 8 10 12

In [time in 10~'3 seconds] 24 /55



Inflation from Higgs field

o What happens with —3m?¢? term in the potential?

@ In(h) vs N

V(h) = 2 (h2 — 1/2>2

12
______ == h(to) = ho = 95580 GeV
___________ -=  h(ty) = 30225 GeV
] I == h(ty) = 9558.0 GeV
................ B(to) = 3022.5 GeV
; 8 Tl Rty S
) RN RS .
w S * ‘-
g 6 . ' .
= E : =
o 4 : : :
— . ' :
2 : : :
0
0 100 200 300 400 500

number of e-foldings (N)
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Inflation from Higgs field

o What happens with —3m?¢? term in the potential?

V(h) = 2 (h2 — 1/2>2

energy scale of universe in GeV
3162 1163 428.0 1574 57.92 21.31 7.839

—_ == h(ty) =302250 GeV
e e-foldings for different h(tg) & gool| 77 Plte) = ho = 95580 Gev
w == h(ty) = 30225 GeV
%‘J h(to) = 9558.0 GeV
=3 600 [P
$ s
o ‘»" __________
%5 400
~ “,‘ “_- __________
2 L. e et
£ 200f -7 LT et
g l" _-‘_‘ _,;"’
0':'_: -----
0 2 4 6 8 10 12
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Inflation from Higgs field

o What happens with —3m?¢? term in the potential?

V(h) = 2 (h2 — 1/2>2

energy scale of universe in GeV
3162 1163 428.0 1574 5792 21.31 7.839

—_ == p=70
Z 250f| == p=60
w == p=50
- i 1 an e o Lammmn-
e e-foldings vs In(t) for different # 200 p=40 e
values of p g et e
% 150
[ 00,00 emm T
St RAGH
o Pt
£ 100
) B
2 o
g 50 o
= ‘o“
0 mmm==®
0 2 4 6 8 10 12

In [time in 10~'3 seconds] 27 /55



Key features of our model

o The potential is consistent with standard model
e Exit can happen only with a mass term.

o We cannot have exit at any energy scale, it can only happen close
to electroweak scale.

e No fine tuning.
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Power spectrum - For approximated power-law soution

@ The Fourier modes of scalar perturbations obey
Z”
v+ (c%k:Q — R> v=20
R

where zr = a/Q), Adapting the formulas from [rwang and Noh, PRD 2000]

"9 3 GAH™ '-2. 1 64H2f 2 /. . . 1/K,+8Hf
(B + 4 2d)” o g2 4 8BS
21/k+8Hf 21/k+8Hf

, 3 .
@ Scalar power spectrum given by Pr = 2"3?|1//z7g|2 is

2 I (VR) 2 1 (l()(p — 1) P*p' 1
3—2vR92vr —3 VR
PR =k R CR ( ( / )) ) (t() )

3p—1
2(p—1)

where v =
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Power spectrum - For approximated power-law soution

@ The Fourier modes of tensor perturbations obey
Z”
u” + (c%—k‘Q — T) u=20
2T

where 27 = a,/(), and

1 : Ly gf
=~ +8Hf, ="
Qo= T8I T =1
@ Tensor power spectrum, given by Pr = % is
Pvr)\? 1 [aglp—1) 1
P — 8320927 —3 —21/7'< T ) 1 < olp — >
T T \T(3/2)) 12 to 2Q,

3p—1

where vy = 5(p—1)
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Constraints from Observations

@ Scalar spectral index ng, Pr o< k™!

2p

o A value of n, ~ 0.968 means p ~ 60, which constraints o = (1.823M,)".

Tensor spectral index ny, Pr o k", ng=mns— 1

Tensor to scalar ratio, r

=
Il

¥

%8X<OR>2VRQ

cT Qg

Tensor to scalar ratio is 0.012.
H, = 102 GeV, ¢, =106 GeV,
t. = 8.013 x 10712GeV ! + to — 60+/8]f (h(to)) |%
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Conclusion-I

Higgs field non-minimally coupled to Gauss-Bonnet term can drive Inflation.
All parameters in the model are fixed.
No fine tuning.

Exit of Inflation happens close to electroweak scale.

It is consistant with Planck data.
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Inflation within f(R) gravity

[JM,Johnson and SS, 2017]

@ We consider the action of form:

[ vEadts [ - 309050 - v(6).

@ We are interested in f(R, ¢) of form:

f (R, ¢) = h(9) (R+ aR?)

@ We look for scalar fields that are compatible with standard model, i.e.,

V(9) = A+ m’e® +2g"
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Background Equations

o For FRW metric, ds? = —dt? + a(t)?(dz? + dy? + dz?) the field equations are

0 = 6hH?+ 72hH*a + 72hH?aH + 3hH + 18hH?*a — V — w ¢ — 3wH ¢?
equation of motion of scalar
1 . . ) . . ‘
0 = —§w¢)2 + 3hH? + 108ahH?H — 18hH?*« — V + 3Hh + T2haH? +

36 HhaH + 36 HhaH
0-0 component of MEEs

0 = 2hH +108ahH?H + A48hH3« + 54hH?a + 3hH? + b + §w¢2120HhHa -
7T2hHoa + 2Hh — V + 24aH?h + 120Hh + 24aHh + 12ha H

i-i component of MEEs
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Exact de-Sitter solution

@ Main Equation:

—2hH — T2hH?*a — wé® — h — 84HhHo — 36 HhH o + 24ahH® + Hh —
24hH? o — 120hH — 24ahH — 12ahff = 0

@ We have an exact solution, de-Sitter: a = ape™P? with ¢ = poe PEPE, for

V(p) = o+ m? (;52 + X ?
h(¢) = po + p2d® + ppd P
where
1 2D
Mo = o BT T+ 240 H2) 2+ 4p)
m® = (3+p(2p—5)(1—|—24aH1%)) Hp p Fp 1 P

T 6 H2 (120 H, +1)

@ )\o and ), are arbitrary, we use this freedom to set A\g = o = A\p = pp = 0.
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Natural Exit

@ The numeric computation shows that the de-Sitter solution obtained is not an attractor.

1.5 - — 1.2
1.0
O § 0.8
5 10 © 06
qé Beco = 0. =001 04
-] e Gio= 146, p=001 0 2 1 6 8 10
5 No of e-foldings (N)
:ﬂ< 0.5 i 1.2 o B0 =063, p=001 . as,,":msfwmml—
e W 1.0
E ’:': E 0.8
@ 0.0 Pag -mmmmmmmmmmmensniEiiia L R S 0.6
W B 0.4
0 20 40 60 80 100 120 0 10 20 30 10 50 60 70 80
No of e-foldings (N) No of e-foldings (N)
_ 8172 =4 n—2
a=—10°M7, az = 107 M,

and
m(Hp = 4.17167 x 1074 M, p = 0.1) = 5.9437 x 10~ 5;

m(Hp = 1.4437 x 104, p = 0.01) = 3.368 x 10”1, 36 /55



Complete analytical solution

@ The de-Sitter solution is an unstable equillibrium point.

@ We define :
H ) Hp
v=|H where A =¢/¢p; Alsowe have {v}., = 0
A —pHp
et H
S ¢ N 2 2 ET ] : 1 _A2 1 H2 1 4 1 H 1A
v=flo)=|H|= —AHTA = 3HH —20H + 75 giom 390 T 36 aupf ~ 126 "o
A 1d4dapo H* + 144aps HH? + 36auo H? — 3HA — A2 + 129 H? + 6ps H — 2m?

@ The trajectories with initial conditions close to the equilibrium can be written as v = v.q + dv taylor
expanding we have dv; = {0; fi}eqdv; = Jij0v; .

0 1 0

 72pa Hp2+4p—1
s 72paHp~+p—1

g 1/6 —1-24a Hp24p+24pa Hp?
ij =

a

2pHp —3Hp 1/9

@

5 (=3+2p)pHp _3

P . ‘
s 3155 2pHp — 3Hp

@ The complete solution is:
=3
v; = {Vi}eq + 0V; = {Vi}eq + Z(Jzﬁ’wﬁ(A’I’)

i=1
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Number of e-foldings

@ The approximate expression for the number of e-foldings is:

Logyo(No of e-foldings) for a = —10% Mp—2

—35 —3.0 —25 —20 —30 —25 —20
Logy(Hp) Logy(Hp)

Logyo(No of e-foldings) for a = —10°® Mp—2

Logio(No of e-foldings) for a = —10° Mp—2

04
03
. 02
0.1
‘ 00

=50 =45 —40 35 =30 25 =20
logio(Hp)

—i5  —40 35 80 25 20
logio(Hp)

Figure : Contour plot showing the dependence of the number of e-folding on Hp, p and
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Key features of our model

@ The potential is consistent with standard model
@ The exact solution is an unstable fixed point solution (saddle point solution).
@ Exit depends on the initial conditions

@ We have a complete analytical expression for the Inflationary evolution.
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Scalar Power Spectrum

@ For the metric with most general perturbations:
ds? = —(1+20)dt? — a(B,a + Ba)dtdz™ + a®[g?) (1 — 200) + 27 4|5 + 2C 5 + 2Cap]-
@ The quantity we need to evaluate inorder to compare with the observations is 3-Curvature
perturbation (R) which is given by:
H
R =1+ —d¢
¢

@ For models where F' = % = F(R, ¢), we can’t derive the conventional
Mukhanov-sasaki equation.

@ However, we can derive the following equation using the perturbed field equations using
Newtonian gauge, for © = 6 + ¢ (Bardeen Potential in Einstein frame):

. ( . 2F<}3> . <k2 . 2FH¢$ 2F¢ . . > (.2 . . . cF&&)
FO+ (3F+HF - ——= O+ —=F—F— —  + 4t HF+4HF|©=|(¢*+6FH —3FH —3F 4+ —— | 0
@ a? @ @ é
@ For the exact analytical solution in the previous section, above equation becomes:
. . k2
&+ Hp(1 74].))@4»—2@74[)/'[%(1 —p)H=0
a
@ For k> 1, we have
. k2
@+HD(1f4p)®+a—2@:0 (2)
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Scalar Power Spectrum

@ For p < 1, We can obtain

5= 20 TP HO (& 4 10)

2Hp
@ We can derive:
" g 21 Lo, 1
T3 3 k2 k2 P ToaHp
a2 D.2
[ - €} ! o(H ! 2o
= 32t e D oam, ) s
3 3 D
i p
o . . 1
§F = nole 2PHD? o+7—o+—o Hp — ————
3 k2 12aHp
U.2 U.2

} R H6¢
P = - =
®

—Hpt —Hpt
o (4p—1)Hpt/2 B (1) ke (2) ke
O=c¢ U, where U; = C1H%72I7 <aoHD ) +02H 2p ( wollp >
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Scalar Power Spectrum

@ The perturbed equations can be rewritten in terms of the new variables
©, O, and R or equivalently Uy, U; and R.

@ Obtain a second order differential eqn for R.

. k2
R« +3HpR<« + ?R< =0

@ Solve it and use the Bunch — Davis vacuum solution at early epoch, to get:
Hp

R< _ (7zkn
Qa\[
@ for § < 1i.e., for large wavelength modes, we have:
R>=C.

@ Matching the large wavelength and small wavelength solution at kn = 27, the scalar power
spectrum is given by

PR:H%.
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Tensor Power Spectrum

@ Following [Hwang and Noh, PRD 2000]

. . k2
Cg 4+ (3—2p)HpCg + 0—20‘; = 0.

@ We can simplify this equation by rewriting Cg = v4/2,4, where z, = ae PHP to get

1"
z
P g
1/;/+ sz—‘] vg = 0.
[ zg

@ Then solution to the above equation is given by
vg =+/—n (ClHé/; (—kn) + C’zHé/)2 o= kn)) .
@ At the initial epoch of Inflation, setting the field to be in the Bunch-Davies vacuum, we have
Vg*\/>\/:Hg(,/)2 p —kn),

@ Tensor power spectrum is given by

2p -2 2
B k 27 o (T(3/2—p) 2pHpt,
Po =8 <k:> gz 1D < r@/e) ) ¢
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Conclusion-lI

@ Inflationary model with f(R, ¢) gravity driven by a massive scalar field is constructed.

@ Calculated the scalar power spectrum for p < 1 and was able to show that the spectrum is
nearly scale invariant.

@ Calculated the tensor power spectrum and obtained a blue tilt.

@ Exit depends on the initial velocity of the scalar field and initial value of Hubble parameter.
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Inflation from exponential non-minimal coupling

[Johnson, JM, and SS, 2017]

@ We consider the action of form:

w

5= [ d'ev=a 1R - £4*V.o%i0 - Vo)
@ We are interested in f(R, ¢) of form:
F(R,¢) = ~R" PR =~ [R+ h(9)R?] .

@ The physical motivation for such a scenario comes from the fact that the quantum corrections
to the gravity and scalar field can have a scale dependent corrections.

@ We look for scalar fields that are compatible with standard model, i.e.,

V(¢) = A+ m?¢® + Ap*
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Einstein frame calculations

@ f(R) gravity is a higher derivative theory, hence field equations are 4th order in Jordan frame.

@ However, Physics can be described equivalently in both Jordan frame and in Einstein frame
where the field equations are second order, related through a conformal transformation.

@ For our model, using the conformal transformation §%° — Q2¢%®, we rewrite the action in the
form.
= 1
SE :/\/—gdwél |:2
K

where 02 = F = 21UL2) ¢ ,/ “InF and W = PRI+ Y,

@ We verified that the equations in Einstein frame are satisfied by the transformed form of the
solution obtained in Jordan frame.

"'(l

b
| Loaby .

= 00O — =G0 0aCOC — W

2e < 2

@ However, we find it difficult to proceed with our technique in Einstein frame.

46 /55



Background Equations

o In Jordan frame, for FRW metric, ds? = —dt? + a(t)?(dz? + dy? + dz?), the field
equations are

1 A 1 .. . . .
0 = —72H*h+ —HhH?*+ —18hH? -V — wd — 3wH ?
K K K
equation of motion of scalar
1 . 1 . 1 1 . 1.
0 = —108hHH?— —18hH?+ =3H? -V — —w¢? + ~72hH> +
K K K 2 K
1

.. 1 .
—36HhH + —36HhH
K K
0-0 component of MEEs
1 . 1 . 1 .. 1 .. 1 .
0 = —48hH® -V + ~72HhH + ~120HhH + ~12Hh + ~24hH? +
K K K K K
1. 1 .. 1 .5 1 . 1 5 1 N
—24hH + —12hH + —wo¢” + —2H + —3H* + —108hHH* + —54hH
K K 2 K K K K

i-i component of MEEs
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Exact de-Sitter solution

@ Main Equation:

0 = —wkd®—T2hH? + 24hH> — 84HKH — 36 HhH — 12Hh — 24hH? — 24hH —
12hH — 2H

@ We have an exact solution, de-Sitter: a = ape™P? with ¢ = poe™ "2, for

hg) =—-X¢°,  V(g)=m’¢* + Vo
where

B82n+nHE " T @nt)

2

1 WnK s wn’H? (5 ) v 3H?
v Vo= ——7—.
K

@ Here we don't consider the integration constants, which we set to zero.
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Natural Exit

Scalar field (¢)

@ The numeric computation shows that the de-Sitter solution obtained is not an attractor.

@ Hence for a wide range of initial conditions there exist an inflationary solution with graceful exit.
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Key features of our model

@ The potential is consistent with standard model
@ The exact solution is an unstable fixed point solution (saddle point solution).

@ Exit depends on the initial conditions
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Power spectrum

@ We obtained the scalar perturbation following a similar procedure that we used in our earlier
work.

@ For n < 1 the scalar power spectrum was obtained to be:

Pr = Hp.

@ For tensor perturbations, we follow [Hwang and Noh, PRD 2000]

@ Here the differential equation is complicated. Hence to simplify we choose the approximation
2h(¢)R > 1, then the evolution equation is:

. . K2
€5 +(3—-2n)HpCH + a—20§ =0.

@ The tensor power spectrum is

2n s_9on o 2 .
Py =8 <k’> S (F(I%{;/Q) )> 2ot
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Conclusion-I11l

@ Inflationary model, within f(R, ¢) gravity with an exponential non-minimal coupling, driven by
a massive scalar field is constructed.

@ Showed that the exact solution obtained is an unstable solution.

@ Showed that exit depends on the initial velocity of the scalar field and initial value of Hubble
parameter.

@ We showed that the scalar power spectrum obtained is scale invariant for n < 1.
@ We showed that the tensor power spectrum have a blue tilt.
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Concluding Remarks

@ We were able to show that Higgs scalar can act as the Inflaton when non-minimally coupled
with Gauss-Bonnet term leading to exit at electro-weak scale. The tensor to scalar ratio will be
lowered by such a coupling. The exit is happening at electro-weak scale also suggests possible
implications at LHC.

@ We were able to build a successful inflationary model driven by a massive scalar field in f(R, ¢)
gravity. We were able to show that the model predicts a blue tilt for tensor power spectrum.
We were also able to show that the scalar power spectrum is nearly scale invariant.

@ We were able to build an inflationary model in f(R) gravity with an exponential non-minimal

coupling with gravity. We were able to show that the model predicts a blue tilt for tensor power
spectrum. We were also able to show that the scalar power spectrum is nearly scale invariant.
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Future Research

@ There are several possibilities for the application of the techniques we have used in our works,
also there are scope for detailed analysis of our works and results.

o | would like to model early universe (focusing on bounce) and late time acceleration
in different theories of gravity, using the technique we have used.

o | would like to see whether the technique we used could be used to obtain the
approximate solutions, once we have fixed the model.

o | would like to see the possibility to obtain the power-spectrum in f(R,¢) models of
gravity,for slow-roll. Where F = F(R, ¢)

o | am interested in the detailed investigation of Gauss-Bonnet Higgs non-minimal
coupling from the particle physics aspect.
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THANK YOU!

55/55



