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Large Scale Structures in the Universe

613 Mpc


largest Void: 280 Mpc1 Mpc = 3⇥ 1024 cm



State of the art - dark+baryon simulation

Structure formation in the gaseous component of the 
universe, in a simulation box 100 Mpc/h on a side. 
From left to right: z=6, z=2, and z=0. Formed 
stellar material is shown in yellow,    Volker Springel



Brief history of the 
universe & 

fundamental issues 
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What are the initial conditions ?


How the universe began?



What was there before Big Bang?


Can we predict/constrain the 
nature of fundamental physics 
from physical observations?



How to seed the  initial 
perturbations for the large scale 

structures in the universe?



CMB  

Planck + BICEP data 

Models of inflation 

Conceptual issues of inflation

Outline



2.72548± 0.00057 K

Cosmic Microwave Background 
Radiation

T = 2.72(1 + z)1100 > z > 1070



�T

T
= 4.6⇥ 10�5

 Cosmic Microwave Background  (CMB)  Radiation

Planck Surveyor

& 
Its Fluctuations



Angular Power Spectrum

6 Physical Parameter 
Fitting

(1) Baryon 
density

(2) Dark Matter 
density

(3) Dark Energy 
density

(4) Amplitude 

(6) Reionization  Optical 
depth

4.6⇥ 10�5

(5) Tilt: 
ns = 0.96



Ps ⇠ 3⇥ 10�10
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6 MODEL PARAMETERS

k0 = 0.04 Mpc�1



Observables from Planck

Low H0,

High ⌦CDMh2



RUNNING OF THE 


SPECTRAL TILT



Low multipole 


tension : cosmic variance

Fast roll inflation, 


Non-singular bounce,


Quantum tunnelling

Could be an indication of 
Pre-inflationary phase
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r
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2l + 1

A patch of the sky can be viewed 
at any particular time



Matter Content  of the Universe

We need to explain past 
& present 

After inflation … before BBN 



Constraints on 
non-trivial power 

spectrum

Simple power law fits 
the data well

Motivation:


!

Departure from Bunch-
Davis initial vacuum, 

Trans-Planckian 
quantum/classical 
evolution, Cyclic 
inflation, etc..



Adiabatic & Iso-curvature Fluctuations

Adiabatic:

Iso-curvature:

If 2 or more species obtain DISTINCT perturbations during inflation such that they do 
not thermalize at late times, then the iso-curvature perturbations are produced, i.e. 

Neutrino iso-curvature, Baryon iso-curvature, Axion iso-curvature, DM iso-curvature, etc.

� = � PS⇣p
PSP⇣

Uncorrelated Correlated



Constraints on non-adiabatic perturbations

No strong evidence on 


multi-field inflation

�
Axion�iso

< 0.039 (95%CL)

Hinf  0.87⇥ 107 GeV

✓
fa

1011 GeV

◆0.048

(95%CL)

�
curvaton�iso

< 0.0025 (95%CL)



Curvature of the Universe



Relativistic species from Planck



Non-Gaussianity
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Constraints on Non-Gaussianity



ns = 0.959± 0.007 r0.02 < 0.11 (95% CL)

dns

d ln k
= �0.015± 0.009

Summary plot for Theorists from Planck

Bench mark points - 
no real physics



Polarizations

No polarisation
Net polarisation

A pure E mode turns into 
B mode if we turn all 

polarisation vector by 45 
degrees



Polarizations when 
projected in the sky



B-modes : origin of primordial 
gravitational waves



BICEP and the 
KECK array



!

in south pole



Limits and  detection claim



BICEP & large tensor to scalar ratio

Requires running 
in the spectral tilt



BICEP & some issues with dust 

r < 0.05
upper bound 
as opposed 
to detection

Planck will have some say…1405.5857



HOW TO SEED THE INITIAL 
PERTURBATIONS?

a) The long wavelength 
perturbations have always 

been macroscopic…,	


the question is - how to 

explain this?	


!
!

b) There is a mechanism to 
stretch the perturbations 

from microscopic to 
macroscopic scales

Expansion of 
the Hubble 

patch in FRW



Honey, I 
stretched the 
fluctuations!!

But, how?



Inflation :  Flat Geometry + CMB Fluctuations
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Field Value

a(t) ⇠ 1010
10..

Scale factor (Global expansion factor):
within 100 e-foldings

Guth , Linde,  Starobinsky,  Albrecht+Steinhardt



BBNLHC

Quantum fluctuations stretched during Inflation

Inflaton Fluctuations -> Temperature anisotropy Metric Fluctuations -> Polarisation



Idea of slow roll inflation 
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�0 � �e(t) ⇠ 1 (in Mp units)
Inflation ends when ✏ ⇠ 1, ⌘ ⇠ 1



Creating Initial Seed  
Perturbations from Inflation



Stretching the fluctuations during inflation



Simple Derivation on Density Perturbations



Separate Universe : Long wavelength approximation

⇣ = R =  +
H

�̇
��

 = 0 (Spatially flat gauge)

Gauge invariant

�� = 0 (Uniform energy density)

N =

Z f

i
H dt

⇣ =
H

�̇
�� = H�t = �N

t

x

� =  



Power Spectrum from Separate Universe

V (�) = V0 + V
0
(�)(�� �0) + V

00
(�� �0)

2 + V
000
(�� �0)

3 + · · ·

Expand the potential around CMB scale provided the the potential is smooth 



Gravitational waves

r ⇠ 0.1, N ⇠ 60, �� � 48Mp

Large tensor to scalar ratio: Super-Planckian VEVs.


There are issues concerning EFT treatment of Inflation



2-point correlations :

3-point correlations :

h⇣k1⇣k2⇣k3⇣k4i = (2⇡)4T⇣(k1, k2, k3, k4)�(k1 + k2 + k3 + k4)4-point correlations :

Non-Gaussianity & the Bispectrum



Non-Gaussianity is expected to be small

⇣ = (N���) +
1

2

N��

N2
�

(N���)
2 +

1

6

N���

N3
�

(N���)
3 + · · ·

Single field 
predictions



!

all are 
suppressed by 

slow roll 
parameters



Late decaying field : Curvaton or Moduli 
generating perturbations

Simple curvaton model is 
disfavoured by the data, 



!
One has to assume that the 
curvaton and inflaton both 

decay into SM 

We can have scenarios where 
both curvaton and inflaton 

seeding perturbations


!

but simplicity and productivity 
both lost!



Summary Table 
of observables 

(1) Single field model of 
inflation is a very good 

approximation

(2) Perturbation are Gaussian, 
no hints of non-Gaussianity, the 
Bunch-Davis vacuum is a very 

good approximation

(3) Planck + BICEP will tell 
us the dust contribution to 
B-mode polarisation, hence 
the value for primordial 
tensor to scalar ratio



Many many models 
of inflation…



!

how many can really yield


the Universe we see?

 perhaps,


NONE!



NO Hidden Radiation - ONLY Standard Model DOF 
After inflation - one must excite SM DOF predominantly

The Inflaton Vacuum cannot be arbitrary: it 
must know our existence!

LHC

X: - Y: -

A.M & Rocher, Phys. Rept. (2011),  Particle Physics Models of Inflation & Curvaton, 

BBN



Success of BBN


!

Successful creation of 
matter-anti-matter



asymmetry

Therefore pinning


down the scale 


of inflation is so 

important, i.e. tensor


to scalar ratio



Broad classes of Inflation

�� � Mp, �CMB � Mp

High Scale Inflation Low Scale 
Inflation

Intermediate Scale 
Inflation

��  Mp, �CMB  Mp �� ⌧ Mp, �CMB ⌧ Mp

Chaotic V ⇠ �n

Natural/Monodromy
V ⇠ ⇤

4
(1 + cos(�/f))

V ⇠ �

4
(�2 � ⌘2)2

Topological

Higgs 
V ⇠

�M4
p

4⇠2
(1� e�2�/

p
6Mp)

Starobinsky
L ⇠ M2

pR+ 1010R2

Assisted/N-flation
V ⇠

X

i

�n
i

Hybrid/Mutated
Thermal

MSSM/Inflection
V ⇠ V0 + (�� �0)V

0(�) + (�� �0)
3V

000
+ · · ·

V ⇠ g2T 2�2 + �(�2 � ⌘2)2

A.M & Rocher, Phys. Rept. (2011),  Particle Physics Models of Inflation & Curvaton,    1001.0993



Models of Inflation

Visible Sector Hidden Sector

Gravity Sector  
(universal)

 BSM but not 
far from SM

MSSM Flat directions


as an inflaton 



(predictive thermal history)

L ⇠ R+ ⇠RH2
SM Higgs inflation

SM gauge 
singlets,



String theory 
inspired 


models



driven by open 
string moduli



� ⇠ SU(3)⇥ SU(2)⇥ U(1)

� ⇠ SU(3)⇥ SU(2)⇥ U(1)⇥ U(1)0

L ⇠ M2
pR+ 1010R2

Hybrid inflation
V ⇠ �2(H2 � v2)

Higgs need 


not be SM, could 



be GUT

Open Closed String
Brane/anti-brane



inflation

A.M & Rocher, Phys. Rept. (2011),  Particle Physics Models of Inflation & Curvaton,    1001.0993

(predictive thermal history)



Post Inflation: Reheating, Thermalization 

g2�2H2,
�

M⇤
(HqL)qR ,

�

M⇤
F̃F

Visible sector inflaton naturally 


decays into SM dof., such as Higgs/MSSM, etc.
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g2i �
2
i , �
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hi ̄i i,
�

M⇤

NHiddenX

i

G̃iGi

Hidden Sector Inflation

Challenge for 
String theory 

models


!

There are many many hidden 
sectors with 



un-constrained couplings ->


un-predictive thermal history  



Reheating/Preheating/Thermalization

Perturbative Decay

t-channel processes could be efficient or could be inefficient



Reheating Temperature & Gravitinos

�3/2 ⇠
m3

3/2

M2
p

⇠ (105Sec)�1
⇣m3/2

TeV

⌘3

dn3/2

dt
+ 3Hn3/2 ' h⌃
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vin2
MSSM

Kawasaki, Kohri, Moroi, 04

⌃
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/ 1/M2
p

, n
MSSM

⇠ T 3

n3/2

s
' 10�2Trh

Mp
=) Trh  106 GeV Conservative bound 



for 1 TeV gravitino



Preheating/Thermalization
Non-Perturbative 
transfer of energy

Resonant preheating : q � 1

Narrow resonance : q  1, µk ⇠ m



Preheating/Thermalization

Adiabaticity is broken

Linde, Koffman, Starobinsky, 9704452Adiabatic limit : �k / e±i
R
!kdt

When preheating comes to an end?


Is tracking number density a good 



approximation?
Stochastic Preheating



Preheating/Thermalization
Instant Prehetaing : Gauged 

MSSM inflaton

Fermionic Preheating : 

Gravitatinal wave Preheating : 

Preheating ends via back reaction:


Thermalization time scale is same as 
that of preheating in many scenarios 



Conceptual issues regarding inflation 
Inflation does not solve the homogeneity problem: one 
has to assume a homogeneous patch before the onset of inflation. This 
is also related to initial condition problem for inflation.



Inflation does not solve the isotropy problem: one has to 
assume a homogeneous and isotropic metric



A slow roll inflation implicitly assumes validity of EFT:  
For a super-Planckian inflation EFT is not valid anymore. Furthermore, 

inflaton need not be slow rolling at the initial stages.   



Inflation does not solve the Cosmological Singularity: 
Inflationary trajectories are past incomplete



Slow roll Inflation requires late time attractor

V =
1

2
m2�2

1

2
�̇2 ⇠ 1

2
(@i�)

2 ⇠ V (�) ⇠ M4
p

1

2
�̇2 +

1

2
(@i�)

2  V (�)  M4
p

Inflation RequiresNaturally Expected

Anthropic argument - there must exist a patch for us to inflate !

Linde,	


Mukhanov

There is a late time attractor, but quantum corrections can  


destroy this attractor behaviour



gi, g0i ⇠ O(1), h�i ⇠ O(1� 10)Mp

m , Aµ ⇠ gh�i ⇠ 10gMp

Inflaton coupled to a Super-Massive states:  break down of EFT treatment

(Nm )
4 ⇠ (Ngh�i)4  1064 GeV)4 Ng  10�3

A Planckian size universe filled with Planckian size blackholes makes the 
space-time inhomogeneous. Such a patch cannot be inflated ! 

Fundamental theory does not constrain either ’N’ or ‘g’

Although ⇢� ⌧ M4
p ,

Momentum transfer to 
the coupled field is 

Quantum corrections and (in)validity of EFT 

� Mp



�n, dm ⇠ O(1)

QUANTUM CORRECTIONS: BOTTOM-UP

Mf

Mp

CORRECTIONS TO THE POTENTIAL	


!

CORRECTIONS TO THE KINETIC TERMS 	


(less well known)

Diego Chialva+AM (2014)



QUANTUM CORRECTIONS: 	


HIGHER DERIVATIVES

Ghosts, vacuum becomes unstable, one cannot make predictions

Order by order ghosts cannot be tamed, one 
needs higher derivatives to infinite order: This 

will modify the propagator

�(�p2) ⇠ e�p2/M2
f



NO ATTRACTOR SOLUTION: SLOW 
ROLL IS NOT AT ALL GUARANTEED

a) The VEV of inflaton  is 
comparable to the cut-off	



!
b) The kinetic term for inflaton 

need not be a-priori small                                	


!

c) Non-adiabatic evolution of 
the vacuum



Taking the pace out 
of inflaton : Tunelling 
can slow down the 

inflaton

Multi-dimensional 


 tunnelling

A Viable initial condition for slow roll inflation



Examples of Inflation: 


SM Higgs as an inflaton 



SM Higgs as an inflaton 

Slow roll 
Inflation

Inflation 
ends

Reheating


preheating

Effective field theory is invalid



Staronbinsky Inflation  

L ⇠ R+ c1R
2 =) Ghosts

Finite Number of 
Higher Derivatives

L ⇠ R+ c1R
2 + c2Rµ⌫R

µ⌫ + c3Rµ⌫↵�R
µ⌫↵�

=) Ghosts

Stelle’s Gravity: Renormalizable but contains Ghosts … 
!

One needs to tackle the Ghost problem first before 
building models of inflation

We usually fix “c” from CMB, but at higher loops one obtain  
Ghosts, i.e. higher derivative theory contains Ghosts



GHOST FREE THEORY OF GRAVITY

Infinite derivatives are ubiquitous  !!!
A Generic prediction of  string theory

Mf

Mp

Biswas, Mazumdar, Siegel (JCAP, 2006),   
Biswas, Gerwick, Koivisto, Mazumdar (PRL, 2012)

EF
T 

is 
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Tr
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MSSM as an inflaton

Shift symmetryL

LHu

V

Hu

L

Hu

LHu

V

Shift symmetry is broken

SUSY is broken 

Enqvist,  Mazumdar,  Phys.  Rept.  (2004) 



Gauge invariant Inflatons

u1d2d3

L1L2e3

HuHd

La
1 =

1�
3

�
0
�

⇥
e3 =

1�
3
�

u�
1 =

1�
3
�d�

2 =
1�
3
� d�

3 =
1�
3
�

Allahverdi,   Enqvist,  Bellido,  AM,   (PRL, 2006),   (JCAP, 2007),   Allahverdi, Kusenko, AM,   JCAP (2007), 
Allahverdi, Dutta,  AM   (PRL 2007),  Chatterjee,  AM,  JCAP (2011) 
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MSSM Inflaton Potential

Potentials are constructed by small perturbations 
around the Enhanced Gauge Symmetry Point

W ⇠ �
X

n>3

�n

Mn�3
p

V = Soft SUSY terms +

����
@W

@�

����
2

Inflection Point	


!

You can compute the potential from 
first principle without assuming ad-hoc 

interactions 
!

Higher order corrections can be 
included within Effective field theory 

Allahverdi,  Enqvist,  Garcia-Bellido,  
AM,    PRL (2006),     JCAP (2006)



Constructing a Potential at the 
lowest order 

V (|�|) = 1

2
m2|�|2 � Ah

3
�3 + h2|�|4 (n = 3)

V (|�|) = 1

2
m2|�|2 � A�

6

�6

M3
p

+ �2 |�|10

M6
p

(n = 6)

Inflation takes place always Below 
Planck VeV

Allahverdi,  Enqvist,  Garcia-Bellido,  AM,    PRL (2006),   JCAP (2006),            Bueno-Sanchez, Dimopoulos, Lyth, JCAP (2006),  Allahverdi, 
Kusenko AM,  JCAP (2006),                Allahverdi, Dutta, AM,  PRL (2007)      



LHC & PLANCK JOINT Constraints on Inflatons

W = �
(LLe)(LLe)

M3
p

or �
(udd)(udd)

M3
p

LHC 
Rules 
Out 

Boehm, DaSilva, AM & Pukartas,  PRD (2012),           Wang, Pukartas & AM, JCAP (2013)

LLe

udd

P⇣ = 2.196+0.051
�0.060 ⇥ 10�9

ns = 0.960± 0.073

Renormalization Group 
Equations can relate LHC 

scale to Inflationary scale

Planck



Super-Planckian excursions with 
Monotonically evolving potentials

V ⇠ �
�n

Mn�4
p

ns = 1� 2 + n

2N

r =
3.1n

N

Lyth Bound : ✏ Evolves Monotonically

�� � Mp

We can generate large “r” of order 0.2,  0.3, etc.



Assisted Inflation/ n-flation: N copies 
Liddle-Mazumdar-Shunck (1998),        Dimopoulos, Kachru, (2004)

⇡ Nf�2
0

M2
Pl

r ⇡ 4⇥ 2

100
⇠ 0.8

r ⇡ 4⇥ 4

100
⇠ 0.16

N = 100, �0 = 0.1MPl ) Nf = 104

ns = 1� 4

N
⇠ 0.96

Sub-Planckian  Inflation



HOW EASY IS TO 
INFLATE THE UNIVERSE ? 

Can we inflate a 
patch of space time 

in a laboratory ?

Farhi, Guth, Linde, Vilenkin 



CHALLENGES & ASSUMPTIONS
We need to embed 

inflation within FRW 
Universe, which has a 
space like singularity 

!
!

Inflationary patch has to be 
embedded within an  

anti-trapped region, i.e.

Inflation does not solve the Homogeneity Problem or Isotropy Problem 
In order to inflate a patch, you ought to have homogeneity on scales larger  than the Hubble length 

Topological Inflation, False vacuum inflation can resolve these issues, because then we e start with de 
Sitter vacuum, we have a transition from deSitter to Minkowski via tunnelling 

Albrecht, Brandenberger, Matzner (1987) ,   Trodden, Vachaspati (1999) 

d✓

d⌧
> 0



WHAT IF UNIVERSE HAD THE 
PLANCKIAN ENERGY ?

1

2
�̇2 ⇠ 1

2
(@i�)

2 ⇠ V (�) ⇠ M4
p

a(t)

t

ä(t) > 0 : �) Inflation

A Non-Singular 
Bouncing Universe

Full UV understanding of 
gravity: —) perhaps String 

theory can help us 



Summary 

If large tensor to scalar ratio holds true, we will have to go for 
high scale inflation - one has to worry about EFT treatment for 
inflation.

Particle physics models of inflation below the cut-off scale of 
fundamental theory is excellent :  EFT treatment is a fairly 
good approximation, LHC can also put constraints.

Data will give the final verdict … stay tuned

String theory is still inadequate to explain inflation: 


(1) EFT treatment is still lacking, in terms of higher derivative 
corrections: - in the gravitational sector and in the matter 
sector, (2) connection to particle phenomenology is zero at best.





QUESTION:  HOW GOOD IS THIS 
EXPECTATION FROM THEORY?

1

2
�̇2 +

1

2
(@i�)

2  V (�)  M4
p

Assumption:  There is only One Scale - Planck Scale

Nature does not have a unique scale, but there 
are many scales possibly close to the UV

Ms  Mc  Mp ( in 4 d)

String theory: at least 3 scales in 4 d



Density perturbations 
formal derivations



Linear Perturbation Theory



Qunatum fluctuations in matter & metric

@iFi = 0

Gauge Invariant

Decomposing any tensor 
field of rank-2

Transverse 
vector Transverse-Traceless



Gauge Invariant Quantities
Graviton with 2 Polarisations :

plus (+) and cross (⇥)

R ⌘  +
H

�̇
'

Comoving gauge Constant curvature gauge

⇣ = �H

�̇
' ⌘ �H

�̇
�� ⌘ �H�t(x)

P⇣(k) ⌘
k3

2⇡2
h⇣⇣i =

✓
H

�̇

◆2
k3

2⇡2
h����i ⌘

✓
H

�̇

◆2

P��(k)



Scalar field fluctuations during inflation

Bunch-Davis vacuum

for mk ⌧ Hk



Gauge Invariant Perturbations

Bunch-Davis vacuum



Gauge Invariant Perturbations



Gravitational waves during inflation



Gravitational waves during inflation

Bunch-Davis vacuum



Dark Energy Equation of State 



3- and 4-Point 
Functions

3-point function:

26-σ detection of lensing

4-point function:

reconstructed bispectrum

`1

`2 `3



Observables from Planck

H0, and ⌦m are degenerate



Power Spectrum during matter domination

Comoving Curvature Perturbations

Running and Running of the Spectrum



MOST IMPORTANT

Different Shapes of  Bispectrum


