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Cosmologicall Principle

The Universe is Homogeneous and

Isotropic on large scales (and therefore
IS described by Robertson-Walker
metric)




Robertson-Walker metric

a(t) is the scale factor

Put this metric into Einstein
Equations of General Relativity:
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\We obtain

Friedmann Equation
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Raychaudhuri Equation
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The fluid Equation
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Matter Domination:
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Radiation Domination:
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CMB Power Spectrum
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Problems off The Big Bang Theory

The Homogeneity, isotropy problem
The flatness problem

Unwanted relics (e.g. monopoles)
Etc.

In order to solve these problems, A. Guth (1981)
introduced the idea of .




What Is Inflation?

Before the Hot Big Bang, there was a stage of
accelerated expansion of the Universe when
gravity acts as a repulsive force.

Inflation sets the initial conditions for the Big Bang,
otherwise those fine-tuned initial condition should be

put in by hand.

NASA/WMAP team




Inflation---how does it work?

dominated universe:

From the fluid equation

=)

From Friedmann equation

Ht
p=3H2M_=const. Hmm) alLle

From Raychaudhuri equation De Sitter phase

fe- ) mmy  a>0

Accelerating




How: to build an inflation model?

Inflation has to end at sometime, so the
vacuum energy is actually time varying.

Traditionally, we introduce a scalar field with its
potential.

V(P

The role of “vacuum energy” is played by the
scalar potential.




A scalar field in a cosmological
background




Slow-roll approximation

Equation of state of vacuum energy




Slow-roll parameters

Slow-roll implies

71<<1

This means the potential should be very
flat with small curvature.




Number of e-folds

With slow-roll

We are interested in

because that is the time when our universe
leaves horizon.




There are lots of inflation models
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Even More...!

Double Inflation

F-term Inflation
Assisted Inflation

D-term Inflation
Brane Inflation

Supernatural Inflation P-term Inflation

A-term Inflation DBI Inflation
Warm Inflation Racetrack Inflation

...etc.




A Bonus of Inflation

Density perturbations arise due to quantum
fluctuations in the scalar field.

All of the structure we see in the universe is
a result of quantum fluctuations during inflation!

The structure we see today is formed from
primordial density perturbation by
gravitational instability.




The Spectrum
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The Spectrum




From Quantum to Classical

During Inflation from the event horizon 1/H,
quantum fluctuations can be converted into
classical perturbations, a process similar to
Hawking radiation:

Hawking temperature:

H
e AL
27T
During Inflation:

H jz
27T Me and Prof. Hawking




How to compare an inflation model
withi observation?

The spectrum of scalar curvature
perturbations R_{

E. op

} IS given by
@

Ol -
ol 1R Sachs-Wolfe effect

T
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From WMAP PFla/ =5x107 at

We call this CMB normalization.
We can see from here, the lower the scale, the flatter
the potential must be.




The spectral index

The latest five-year WMAP results indicate

0.948<n_<0.977




r

Some other parameters

The tensor-to-scalar ratio

E =16&= {
PR

3.3x10°GeV

\/ V4 j“ A measure of gravity waves
0

Detection of r may fix the
inflation scale

The running spectral index

dn,

=16£n-24£%-2&°
dink T ¢

0

where In our models, both
are too small to be

_ VAA relevant.
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After Inflation

The energy stored in the vacuum-like state is
then transformed into thermal energy (a process
called reheating), and the Universe becomes
extremely hot. From that point, its evolution is
described by the standard hot universe theory.

Inflation can be regarded as a theory of the origin
of all the matter.




How to telll that whether an inflation
model IS good: or bad?

Beside fitting the observed parameters:

Very small parameters tends to weaken the
credibility of a theory.

Physical motivation of the scalar potential?

There are also issues about reheating, baryogenesis,
cosmic string problems.....




Cosmic Strings

Abelian Higgs model

[ [}

The energy per unit length of the local Me & Prof. Higgs
string is .

After inflation, cosmic strings
may form via Kibble Mechanism.




Why do we consider Supersymmetry
In Inflation models?

It is difficult to see how flat direction fields can
be present in a nonsupersymmetric theory
given the effect of radiative corrections.




The Scalar Potential ini SUSY

In a supersymmetric theory, the tree-level potential
for a scalar field is the sum of a F-term and a D-term.

|

Fayet-Iliopolous term




Hybrid Inflation

Linde 1991

The vacua lie at
There is a valley of minima for

where

In this regime




Why is Hybrid Inflation interesting?

Consider

=)

Large field model (chaotic inflation)

More difficult to realize from a effective
field theory point of view.

Parameters in Hybird Inflation is not very small.




F-term Inflation

The superpotential for F-term Inflation is

W=kS(g@ - M?)

The scalar potential is given by

V=k?|gp-M?F+&°|SF(|@. F+|@f)

For ISPS.=M > qg_:qgr:() > VO:/(2|\/|4

Including 1-loop correction, we obtain

L KM KEISE
V)= Vot 16772| ( 2)




Predictions of F-term Inflation

for N=60

Also from constraint of cosmic string study




Problem of F-term Inflation

Supergravity correction to the F-term scalar potential
destroys the required flatness.

Results in ‘/7‘ ~ 1

called /] Droblem

There is no such a problem in D-term Inflation.




D-term Inflation
W, =ASD, D

V(S®,.®)=A2[|sF (I<I>+I2+ICI>.I2)+IC|>+I2ICD.I2]+922(I<D+|2'|CD-|2+5)2

g is the U(]_) o gauge coupling
The true vacuum is given by (S)=0, (D )=0, (@_)2\/?

1/2
when o) =9 ®, =P =0
The 1-loop potential is

g'¢” (ISl
V(S) =V, +16772 In[/\zj




Predictions of D-term Inflation

for N=60

After imposing CMB normalization:

However, after D-term inflation, the U(1) symmetry
Is broken and cosmic strings are produced,
there is a cosmic string bound:

£'2<3.9x10"°GeV




Cosmic String Problem

A cosmic string network will modify the CMB
Angular power spectrum:

C| — Clinf. 4 Clstl’.

CIStI’. ILIZ 52

Cosmic string contribution to C

- . 2
must be less than 10% Bevis et al. 2008

:> 51/2 <3 .9x10"Ge\/ Bevis et al. 2007

However D-term inflation predicts




Supergravity Modified D-term
Infilation

W =A ®H L+ Zqﬂ

CD is the Right-Handed neutrino superfield

Consider a Kahler potential:
c|SF|DF
K:‘S‘2+‘CD‘2+ ‘ ‘ ‘2 ‘
\Y
P
We obtain
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INTERACTION

. Modified
SUGRA % V(s)

n.=1+27-6&
We reduce the spectral index by increasing the
curvature of the potential.

We reduce the scale of inflation by reducing the
slope of the potential.
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C.M. Lin and J. McDonald 2006

Conventional D-term Inflation

WMAP (n < 0.96E)

Cosmic String




Minimal D-term Inflation (n, = 0.983)

WMAP mean n,= 0958}

WMAP 11 (n, > 0.842)

LCosmic String (10%)

WHMAP 2-7 (n,>0.526)

(Cosmic String {5%)

- | WMAP 1.7 (n, <0.974)
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(a) WMAP data only.




Minimal D-term Inflation (n, = 0.983)

WMAP 2+ (n, < 0.977)

'WMAP mean (n, = 0.947)

. {Cosmic String (10%)

Cosmic String {5%)
WMAP 2o {n > 0.917)
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(b) WMAP + ALL data.




Cosmic String (5%)




Additionall SUGRA corrections

We consider the Kahler potential

2 2 2 2 4
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The scalar potential is
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SUSY limit
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Hilltop Inflation

Kazunori Kohri, Chia-Min Lin, David H. Lyth (2007)
considered the following parameterization of
Hilltop Inflation models:

V(9=V, * ﬁAMM

=V (1+ My v j-/]
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Lin, Lyth, Kohri




Results
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Model 1

New Inflation

Modular Inflation
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Model One, p=4

New Inflation




Model 1, p=6

Contours of |Og(\/ol/4/ \Y p)
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Model 2
77,<0 P <0

Mutated Hybrid Inflation

Smooth Hybrid Inflation

F- and D-term Inflation
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Model 2, p=-4
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Model 2, p=-4

6
1= 2 [Vomj :> Smooth hybrid inflation
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Contours of |()g(\/01/4 /M P)




Model 2, p=0

with

Modified F- and D-term Inflation




Model Three

76>0 p>2

Hilltop Tree level Inflation




Model 3, p=4

We fix n=0.95 in this case.

0.0125




Model 3, p=6
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Conclusion

SUGRA corrections due to a RH sneutrino can
modify the D-term hybrid inflation scalar potential
In such a way that the energy density during
inflation Is consistent with non-observation of
cosmic strings in the CMB and the spectral index is
within the limits favored by WMAP: data.

Hilltop Inflation is an generic possibility for both
nybrid and non-hybrid inflation models.

Hilltop Inflation allows a whole range of models to
fit observation.




