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Introduction:  In#lation  in  a  nutshell


Which  class  of  models  is  favored  after  Planck?  Single  Field  Slow-­‐Roll  
Models!


Computing  the  observable  predictions  of  single  #ield  slow-­‐roll  
models.  Which  accuracy  do  we  need  after  Planck?


Model  Comparison:  What  is  the  Best  Model  of  In#lation?  
Encyclopaedia  In#lationaris  and  the  ASPIC  project  


Conclusions  &  Summary
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Cosmological  In#lation

Is  a  high  energy  phase  of  accelerated  expansion  in  the  early  Universe
 ä > 0
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Is  a  high  energy  phase  of  accelerated  expansion  in  the  early  Universe
 ä > 0

Solves  the  Hot  Big  Bang  horizon  and  #latness  problem


Can  be  implemented  with  a  single  scalar  #ield    
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Solves  the  Horizon  Problem
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Quantized  #luctuations  evolved  over  an
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The Planck numbers for inflation	



 
 
 
 

COBE (1992) 

WMAP (2003) 

Planck (2013) 

Increased  Accuracy  Observations
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Increased  Accuracy  Observations


nS    (±1σ)
 r    (95%CL)
 αS    (±1σ)
 fnllocal    (±1σ)
 I/R    (95%CL)

COBE  2
 1.21±0.57


COBE  4
 1.20±0.3


WMAP  1
 1.20±0.11
 <0.81
 -­‐0.077±0.05
 40±49
 <32%


WMAP  3
 0.984±0.029
 <0.65
 -­‐0.055±0.03
 30±42


WMAP  5
 0.960±0.013
 <0.43
 -­‐0.037±0.028
 51±30
 <16%


WMAP  7
 0.968±0.012
 <0.36
 -­‐0.034±0.026
 32±21
 <13%


WMAP  9
 0.972±0.0013
 <0.13
 -­‐0.019±0.025
 37.2±19.9
 <15%


Planck  2013
 0.9603±0.007
 <0.11
 -­‐0.013±0.009
 2.7±5.8
 <3.6%
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Flat  universe  with  adiabatic,  Gaussian  

and  almost  scale  invariant  #luctuations
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Find  the  correct  single  #ield  scenario  

from  the  measurement  of  the  two  point  correlation  function  


(the  #luctuations  are  Gaussian)








What  is  the  shape  of  the  potential??


GOAL
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CMB Power Spectrum 

From  COBE  to  Planck  …


90’s


00’s


10’s


One  needs  a  general  calculation  of  

the  two-­‐point  correlation  function


for  single  #ield  in#lation




Slow-­‐Roll  Approximation
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Scalar  Power  Spectrum


Cosmological  Fluctuations:


are  combined  gauge  invariant  perturbations  

of  the  metric  and  of  the  in#laton  #ield
 v

are  the  seeds  of  temperature  anisotropies  in  the  CMB
 v / �T
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An  example:  «  large  #ield  in#lation  »
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Inflationary predictions: the need for numerical calculations 

The  calculation  of  the  in#lationary  predictions  involves  three  steps:



1  –  Expressing  the  power  spectrum  in  terms  of  the  slow-­‐roll  parameters



2  –  Expressing  the  slow-­‐roll  parameters  in  term  of  V,  V’,  V’’,  …



3  –  Determine  the  value  ϕu where  to  evaluate  V,  V’,  V’’,  …









In#lationary  Dynamics
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An  example:  «  large  #ield  in#lation  »
 V (�) =
m2

2
�2



In#lationary  Dynamics
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In#lationary  Dynamics
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Inflationary predictions: the need for numerical calculations 

The  calculation  of  the  in#lationary  predictions  involves  three  steps:



1  –  Expressing  the  power  spectrum  in  terms  of  the  slow-­‐roll  parameters



2  –  Expressing  the  slow-­‐roll  parameters  in  term  of  V,  V’,  V’’,  …



3  –  Determine  the  value  ϕu where  to  evaluate  V,  V’,  V’’,  …



This  step  requires:



-­‐  The  slow-­‐roll  trajectory



-­‐  The  time  at  which  

in#lation  end


-­‐  The  number  of  e-­‐folds  between  

Hubble  crossing  of  the  pivot  scale

and  the  end  of  in#lation
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�N⇤

�N⇤ (⇢̄reh, w̄reh)

⇢nuc < ⇢̄reh < ⇢end
è

restrains  ΔN*  in  some  range


ΔN*	
  

Example:
 V = M4
�
1� �3/µ3

�

µ = 0.001MPl , w̄reh = �0.3

17.2 < �N⇤ < 46.0

è

�N⇤ = 60 ?

�N⇤ 2 [20, 90]

Planck  coll  [1303.5082]  prior:




Inflationary predictions: the need for numerical calculations 

The  calculation  of  the  in#lationary  predictions  involves  three  steps:



1  –  Expressing  the  power  spectrum  in  terms  of  the  slow-­‐roll  parameters



2  –  Expressing  the  slow-­‐roll  parameters  in  term  of  V,  V’,  V’’,  …



3  –  Determine  the  value  ϕu where  to  evaluate  V,  V’,  V’’,  …



This  step  requires:



-­‐  The  slow-­‐roll  trajectory



-­‐  The  time  at  which  

in#lation  end


-­‐  The  number  of  e-­‐folds  between  

Hubble  crossing  of  the  pivot  scale

and  the  end  of  in#lation
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Inflationary predictions: the need for numerical calculations 

The  calculation  of  the  in#lationary  predictions  involves  two  steps:



1  -­‐    Expressing  the  power  spectrum  in  terms  of  the  slow-­‐roll  parameters



2  –  Expressing  the  slow-­‐roll  parameters  in  term  of  the  parameters  characterizing  the  
potential;  this  step  requires



-­‐  The  slow-­‐roll  trajectory



-­‐  An  accurate  estimation  of  the  

        time  at  which  slow-­‐roll  breaks  

        down  


-­‐  The  post-­‐in#lationary  history

(reheating  temperature,  equation

of  state)





The predictions depend on 
what happens during reheating 

Same  

parameter  “p”  but  

different  reheating  

temperature




An  example:  «  large  #ield  in#lation  »
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Confronting  Models  with  Data


An  example:  «  large  #ield  in#lation  »
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Confronting  Models  with  Data


An  example:  «  large  #ield  in#lation  »
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Confronting  Models  with  Data


An  example:  «  large  #ield  in#lation  »
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Repeat  the  analysis  

for  all  single  #ield,  canonical  k,  

model?


Which  models?  How  many  of  them?


Not  «  an  in#inite  »  number  of  models  though…
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Introduction

Proliferation of inflationary models1

A partial list of ever-increasing number of inflationary models!
1From E. P. S. Shellard, The future of cosmology: Observational and computational prospects, in
The Future of Theoretical Physics and Cosmology, Eds. G. W. Gibbons, E. P. S. Shellard and
S. J. Rankin (Cambridge University Press, Cambridge, England, 2003).

L. Sriramkumar (IIT Madras, Chennai, India) Scalar bi-spectrum during inflation and preheating December 10, 2012 2 / 49



Need  for  exact  Formulas


Example:	
  RadiaDvely	
  Corrected	
  Higgs	
  InflaDon	
  

V = M4


1� 2e�2�/(

p
6MPl) +

AI

16⇡2

�p
6MPl

�

V ⇠ M4 in


�N⇤ = 60
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-­‐  In#lationary  
Dynamics






-­‐  Φend


-­‐    




Need  for  exact  Formulas


Example:	
  RadiaDvely	
  Corrected	
  Higgs	
  InflaDon	
  

V = M4


1� 2e�2�/(

p
6MPl) +

AI

16⇡2

�p
6MPl

�

V ⇠ M4 in


-­‐  In#lationary  
Dynamics






-­‐  Φend


-­‐    
�N⇤ = 60

�8 < AI < 4
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Example:	
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-­‐  In#lationary  
Dynamics






-­‐  Φend


-­‐    




Need  for  exact  Formulas


Example:	
  RadiaDvely	
  Corrected	
  Higgs	
  InflaDon	
  

V = M4


1� 2e�2�/(

p
6MPl) +

AI

16⇡2

�p
6MPl

�

V ⇠ M4 in


�N⇤ = 60

�8 < AI < 4

ParDcle	
  Physics:	
  

�48 < AI < �20

Vincent	
  Vennin	
   49	
  

-­‐  In#lationary  
Dynamics






-­‐  Φend


-­‐    
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≈	
 75  models


≈	
 700  slow  roll  formulas


≈	
 370  pages
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theory.physics.unige.ch/~ringeval/aspic.html	
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Typological  Classi#ication
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Typological  Classi#ication


1



Typological  Classi#ication


1



Typological  Classi#ication


1
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Typological  Classi#ication




Where  do  we  stand?


In#lationary  
models


Single  #ield

Slow-­‐roll  
models


1

2


3


Single  #ield  slow-­‐roll  models  is  the  
favored  class  of  models  given  the  
Planck  data  and  the  data  prefers  

category  1.  


But  this  still  leaves  us  with  hundreds  
of  scenarios  and  this  does  not  tell  us  
what  is  THE  best  model  among  those  
scenarios?

	
  

In  order  to  de#ine  the  best  model,  we  need  to:


n  De#ine  «  model  A  is  better  than  model  B  »  à  Bayesian  Evidence



n  Apply  this  de#inition  to  the  complete  slow-­‐roll  landscape,  ie    we  
have    to  scan  all  single  #ield  slow-­‐roll  models,  one  by  one


n  Establish  a  complete  ranking  of  all  these  models:  model  
comparison  program




Bayesian  Approach


Model  Comparison:  Compute  Bayesian  Evidence



Integral  of  the  likelihood  over  parameter  prior


«  Probability  of  a  model  »


Probability  of  
model  i


Probability  of  
model  j


Bayes  Factor


Bij > 1

Bij < 1

Model  i  is  better  than  model  j


Model  j  is  better  than  model  i


E (Mi)

E (Mj)
= Bij



Bayesian  Approach


Model  Comparison:  Compute  Bayesian  Evidence



Integral  of  the  likelihood  over  parameter  prior


«  Probability  of  a  model  »


Probability  of  
model  i


Probability  of  
reference  model  
=  Starobinsky  

model


Bayes  Factor


Model  i  is  better  than  HI


HI  is  better  than  model  i


Bi > 1

Bi < 1

E (Mi)

E (HI)
= Bi
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BAD
 GOOD


Jeffrey  Scale

Strong  Evidence


Weak  Evidence


Inconclusive
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One  New  Model:

Natural  In#lation
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So  what  are  the  best  models  ?


Looking  for  models  having  the  best  evidences  together  with  a  
minimal  number  of  unconstrained  parameter  narrows  down  the  

slow-­‐roll  landscape  to  a  few  in#lationary  scenarios:


n  BI	
  
n  ESI	
  
n  HI	
  
n  KMIII	
  
n  LI	
  
n  MHI	
  
n  RGI	
  
n  SFI	
  
n  …	
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And  there  are  some  losers  too  …


Fermilab	
  

For  instance,  in#lexion  point  in#lation  (models  based  on  the  MSSM)  
are  clearly  strongly  disfavored  by  Planck
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Summary
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n      Planck  favors  single  #ield  slow-­‐roll  scenarios:  simplest  but  non  trivial  models



n      Within  this  class,  Planck  data  indicates  that  Plateau  in#lation  is  the  correct  

shape  of  the  potential  (category  I)



n      There  are  a  dozen  of  models  that  have  a  better  Bayesian  evidence  (beyond

the  inconclusive  level).  We  have  come  a  long  road  …  from  hundreds  of  models,  

Planck  has  identi#ied  a  dozen  of  favored  scenarios!



n  Models  are  clearly  disfavored,  ie  MSSM  in#lation  (for  instance)


n      More  in  the  paper  !…

                                                  -­‐  Constraints  on  the  reheating  temperature  for  each  model

                                                  -­‐  Bayesian  complexity



 
 
  -­‐  Evidence  for  categories  (string  models,  phenomeno  models  etc  …)



                                                  -­‐  Update  this  program  with  Planck2014  



 
 
 
&  polarization  measurement    ?



                                                  


Fermilab	
  Vincent	
  Vennin	
  



Summary  of  the  summary


�

V (�)

YES  !!!


NO  !!!


NO  !!!




May	
  27,	
  2013	
   IAP,	
  GreCo	
  Seminar	
   93	
  

V
(�
) =

M
4

✓ 1
�
↵

�
M
P
l
e
�
�
/M

P
l

◆

V
(�
)
=

M
4
�
2

M
2 P
l

 1
+
↵

�
2

M
P
l

2
!

V (�)
=M

4
⇣

1�
e
�
p 2/

3�
/M

Pl

⌘2

V (�)
=M

4
�
2

M
2
Pl


1�

2↵
�
2

M
2
Pl

ln

✓ �

MPl

◆�

V (�) =
M

4


1� 2e

�2�/
(
p 6MPl) +

AI

16⇡
2

�
p

6MPl

�

V
(�
)
=
M

4
✓
�

M
P
l

◆ 4
 1
�
↵
ln

✓
�

M
P
l

◆�

V
(

�)
=

M
4


1

+

c

o

s

✓ �
f

◆�

V
(�
)
=
M

4
⇣ 1
�
e
�
q�

/M
P
l
⌘

V
(�
) =

M
4 e
�↵

�/
M

P
l

V
(�
) =

M
4

"
1 +

↵

✓ �
Q

◆ 4 ln

✓ �
Q

◆
#

V
(�
) =

M
4


1
+
↵
ln

✓ �
M
P
l

◆�

V
(�
) =

M
4

" ✓ �
� 0

◆ 2 �
1

# 2

V (

�) =
1

2

m
2
�
�
2
+

A c

o

s

(

n✓ +
✓0)

�n

n

�n

M
n�3

Pl

+

�
2
n

�2
(n�1)

M
2(n�

3)

Pl

V
(�
)
=
M

4
 3
�

� 3
+
↵

2
� ta
nh

2
✓ ↵p 2

�
M

P
l

◆�

V (�)
=
�M

4

✓ �
�0

◆ 2
ln

"✓ �
�0

◆ 2
#

V
(�
) =

M
4


1�

2
⇡
ar
cta

n

✓ �
µ

◆�

V (�
) =

M
4

 � 3�
↵
2
� tan

2

✓ ↵
p 2

�

MPl

◆ � 3

�

V (�)
= M

4
(�/M

Pl
)
2

↵+ (�/M
Pl
)
2

V
(�
)
=
M

4
 1
�
se
ch

✓ �
µ

◆�

V
(�
) =

M
4 ln

2
✓ �

� 0

◆

V (�)
= M

4

"
1 +

↵

✓ �
Q

◆4

ln

✓ �
Q

◆#

V
(�
) =

M
4


1
+
↵
ln

✓ �

M
P
l

◆�
V (
�)

=
M
4


1 +

↵ l
n

✓ �

MPl

◆�

V (
�)
=
M
4


1 +

↵ l
n

✓ �

MPl

◆�

V
(�
)
=
M

4
 1
+
↵
ln

✓
�

M
P
l

◆� V
(�
)
=
M

4
" 1
+
↵

✓ �
Q

◆ 4 ln
✓ �
Q

◆
#

V (�)
= M

4

"
1 +

↵

✓ �
Q

◆4
ln

✓ �
Q

◆#

V
(�
)
=
M

4
 1
+
↵
ln

✓
�

M
P
l

◆�

V
(�
)
=
M

4
 1
+
↵
ln

✓
�

M
P
l

◆�

V (
�)

=
M
4


1 +

↵ l
n

✓ �

MPl

◆�

V (�)
= M

4

 �
3� ↵

2
� tan

2

✓ ↵
p 2

�

MPl

◆
� 3

�

V
(�
)
=
M

4
 � 3
�
↵

2
� ta
n
2

✓ ↵p 2
�

M
P
l

◆ �
3

�

V (�) =
M

4

 �
3� ↵

2
�
tan

2

✓ ↵
p 2

�

MPl

◆
� 3

�

V
(�
)
=
M

4 ln
2

✓ �
� 0

◆

V (�
) =

M
4 ln

2

✓ �

�0

◆

V
(�
)
=
M

4
ln

2
✓
�

�
0

◆

V
(�
)
=
M

4 ln
2

✓ �
� 0

◆

V
(�
) =

M
4


1�

se
ch

✓ �
µ

◆�

V (�)
=M

4


1�

sec
h

✓ �
µ

◆�

V
(�
)
=
M

4

ln
2
✓
�

�
0

◆

V

(
�
)
=

M

4
ln

2

✓
�

�
0

◆

V
(�
)
=
M

4
 1
�
se
ch

✓ �
µ

◆�

A

S

P

I

C


