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2.5-degree thick wedge of the redshift distribution of galaxies
MAIN galaxy saihple.-h’a's median redshift z=0.1
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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

Galaxy formation

univerSe & Epoch of gravitational collapse

Recombination - g
° Relic radiation decouples (CBR S,
fundamental issues Z
Onset of gravitational insahility o
., { B
| | t=3minutes | g
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What are the initial conditions ? T=1Mev

HOW fhe universe began? QuiLrI:j-halfdron trtans&itio?
adrons 1orm - grotons & neurons
What was there before Big Bang?
Can we predict/constrain the
: Electroweak phase transition
nature of fundamental physics Flectomagnetic & weak nuckar
forces become differentiated:
from physical observations?

SU(3)xSU(2)xU(1) - SU(3)xU (1)

The Particle Desert
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structures in the universe? The Planck epoch

The gquantum gravity barrier

Axions, supersymmetry? | zﬁ
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Cutline

CMB
Planck + BICE? data
Models of inflation

Conceptual issues of inflation



Cosmic Microwave Background
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Cosmic Microwave Background (CMB) Radiation
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Multipole moment, /¢
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“surface of last scatter” is ahalogous to the
light coming through the cfouds to our

eye on a cloudy day.

(6) Reionization Optical
depth



6 MODEL PARAMETERS

Planck (CMB+lensing) Planck+WP+highL+BAO
Parameter Best fit 68 % limits Best fit 68 % limits
Quh* . . ... ... .. 0.022242 0.02217 £ 0.00033 0.022161 0.02214 £ 0.00024
Qh* . ... ... ... 0.11805 0.1186 £ 0.0031 0.11889 0.1187 £0.0017
10060y . . ... ... 1.04150 [.04141 + 0.00067 1.04148 1.04147 + 0.00056
T o e e e e e e e 0.0949 0.089 + 0.032 0.0952 0.092 £ 0.013

Mg v v v e e 0.9675 0.9635 + 0.0094 0.9611 0.9608 + 0.0054
3.098 3.085 £ 0.057 3.0973 /

3.091 £ 0.025

Ko ko = 0.04 Mpc™?



o128 "

0.120 |

~
£
d 0.112

0.104

1.02%

1000

Ny

0975

0 950

Observables from Planck

w— Planck +lensing
- Planck + WP
—  WMAP9

[Planck coll. 1303.5076]

e & o \

e : / \
R % | i \
ST ’ﬁ"‘. gj - —

Low Hy,
High QCDMhQ

" Planck
——
WMAP9
——
Cepheids+SNela
a5
Carnegie HP
—.—
HST Key Project
= 1
UGC 3789
=t i
_ RXJ11-31—12§1
SZ clusters
lIIllillllllll.llllll

—_ 4
i

v

-
N
. .

¢ S
e

.{,‘J.' LAY

0.021 0022 0023 0024

Qph?

0.104

0112 0120 0128

Q.2

0950 0975 1000 1028

ny

005 010 015 o020

065 07 07 o080

Qn

7 80




|

0.02

B Planck+WP+BAO: ACDM + dn./dInk
B Planck+WP+BAO: ACDM + dn./dInk + r
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B Planck+WP+BAO: ACDM + r + (dn:/d In k)
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Primordial Tilt (ns)

predictions of monomial chaotic models with N« ~ [50,60]

Planck+WP: dns/dInk = —0.013 4 0.009




Multipole moment, ¢

Temperature fluctuations [ i K> ]

Low multipole

tension : cosmic variance
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A patch of the sky can be viewed

at any particular time
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Matter Content of the Universe

Dark Energy JAVERE DEAL A 68.3%

Before Planck After Planck

We need to explain past
& present

After inflation ... before BBN

Neutrinos Dark
10% Matter

63%

Photons
15%

Atoms

12%
13.7 BILLION YEARS AGO

(Universe 380,000 years old)




Constraints on

ykES WiggleS: ’PR(/C) — Po(k) {1 + oy SIn [w In (kﬁ) + go] }
non-trivial power *
spectrum step:  Pr(k) = exp [ Pu(k) + 5 ST )|
k7
cutoff: Pr(k) = Po(k) {1 — exp [— (k_) ] }

Motivation:

Best fit models:
power-law

Departure from Bunch- Wiggles (+3p)

Davis initial vacuum, Cutolffmo[d;I(Q ;p_)

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

10° Pr (k)

Simple power law fits
the data well




Adiabatic & Iso-curvature Flucfuions

Adiabatic:

Iso-curvature:

S =5 — % 5 = Prope— (3/4)ppr _ pr+ (3/4)pe s 5.~ 6.

PrPe PrPe

Sp = op — (3/4)d, S, = (3/4)0, — (3/4)0,

x PS(kU) PSC

l—a B P((ko) \/m

Uncorrelated Correlated

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.



Constraints on non-adiabatic perturbations
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Curvature of the Universe

Simplest inflationary models predict |Qx| < 107°

Open inflation (e.g. bubble nucleation, landscape) can predict
larger negative spatial curvature, O(10%);

positive curvature (closed universe) much harder to get in
inflationary paradigm.
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Relativistic species from Planck

1/3
T, ~1MeV T =(%) T, ~1.945K > kT, = 1.68-10%eV
4/3
7( 4 Standard Model predicts:
2 v 2 andard Moael preaicts:
th - eﬂth y
4\11 N.. =3.046

B Pancx-+—\‘vP-+-'1|g}*L
Planck+WP+highL+BAO

1.2

efF [ EV]

1/ sterile




D(x) = (I)G (x)- fNL(I)G (X)2

Slow-roll single-field inflation: f; <1
Some interesting inflation models predict much higher f,

WMAP9: f,, =37+ 20

Nonlinear effects cause additional non-Gaussianity in the
CMB: coupling between weak gravitational lensing and ISW
from evolving gravitational potential

— This effect was clearly detected by Planck

Planck:
— before correcting for ISW-lensing effect: f,, =9.815.8

— ISW-lensing subtracted: f,, = 2.7+5.8



Constraints on Non-Gaussianity

local /<5 =2.7+5.8
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Summary plot for Theorists from Planck
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Polarizations

A plane wave moving from top to
bottom. The direction of the
polarization vector defines if they
are E or B modes.

These modes are independent on the coordinate system, and are related to the Q and
U Stokes parameters by a non-local transformation.

No polarisation /TN
|/ | |

E modes B modes

Net polarisation

Recall the two polarization modes of a gravitational wave:

23 -
A pure E mode turns into

The anisotropic stretching of space induces a temperature quadrupole:

B mode if we turn all
polarisation vector by 45
degrees

cold




Polarizations when

projected in the sky

Density Wave E-Mode Polarization Pattern

Temperature
Pattern Seen
by Electrons

Gravitational Wave B-Mode Polarization Pattern
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B-modes : origin of primordial

gravitational waves
C
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B-modes are unique to tensors.

Scalar (density perturbations) Tensor (gravitational waves)

E-modes Yes Yes

B-modes No Yes




BICEP and the
KECK array
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Limits and detection claim
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BICEP & large tensor to scalar ratio

0.03
| r=020"0
N; 0.02 b ¢ PT(k*)
3 15 < ) = < 0.27
3 oo { f + ; 0.15 < r(k.) = 5y < 0.27
‘G- 0.0 7/ % | |
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BICEP & some issues with dust

Nyp+lensing DDM?2P+lensing Measurement from Q and U maps

BICEP2 1 ot BICEP2 3 st BICEP2
BICEP2xKeck ; | BICEP2xKeck ; [ BICEP2xKeck

preliminary

((+1)Crpp/2nu K*)
(((+1)C1'BB/27T[[J KZ]
(((+1)C,pp/2n[ 1 K?)

M d s

100 150 200 250 300 350
¢

r < 0.09

"SI upper bound
as opposed
to detection

L

0.010  0.015

9
Ann.dust.l()()

1405.5857 Planck will have some say...




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 Expansion of

macroscopic scales the Hubble
patch in FRW




Honey, |
stretched the
fluctuations!!

But, how?




Inflation : Flat Geometry + CMB Fluctuations

V(g)
A ¢
<~

=
A
%
=
2
<
|5
: W/
A

¢CM(B X Pend Reheating

A Field Value

Guth, Linde, Starobingky, Albrecht+Steinhardt
10
t 1 O 1 O - -
Qeale factor (Global expansion factor): (1 B

within [OO e-foldings
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Idea of slow roll inflation

2 1
L= ]\;pr+ —0,00"¢ — V (¢) Tuw = 0u$0,9 — S G p¢8”¢ 9V (9)

=T 24,V ~
P = 1Loo + 2a2 ; + V() 3 MP ),
13

D= a2(t) _ . 2(¢ -V . —V,(¢) )

2 1\ 4
e

/"

V
2
nflation MPV <1.

POTENTIAL ENERGY

1
L

CLNth

HEATIN >
IVERSE
SCALAR FIELD
%
= g — mt a(t) = ag exp (T)

Po > @e(t) ~ 1 (in M, units) Inflation ends when e ~1, n ~ 1




Creating Initial Seed

Perturbations from Inflation



Stretching the fluctuations during inflation
850 +3Hop+(k/a)’dp=0

Characteristic timescales for waves, comoving wavemode k
o small-scales k > aH  under-damped oscillator
°» Jarge-scales k < aH  over-damped oscillator

comoving Hubble length ,

H'/a .
initial /w A frozen-in — comoving ]
vacuurm / oscilates  "V2velength, k
»  conformal time

radiation or matter era

decelerated expansion




Simple Derivation on Density Perturbations

3H* o
(6 = 2 (1 - etonron)

8m2m/?2

_ H2(7tr*)] i

|66+ 3HO, + (V"(¢) k )5¢k _o,

= ado,

d’x —ik. dt (% d 1
Sic = -o(x)e R, _ a
s / (27)>2 pje / o= / / ?H ~ H ‘12 aH’ ;-

" . —zk'r
Vi + (k* — a’H*(2 — €5 — 31)) ¥k = 0. ¢ko<e — t—0or7T— —00

¢ﬁ+(k2—%)¢‘k=0




L Separate Universe : Long wavelength approximation

>

d¢ = 0 (Uniform energy density)

N = /Hdt P,

w 0 (Spatlally ﬂat gauge)

¢ = 6N

. / 1 !
ds* = a*(7) [(1 + 2®)dr* — (1 - Q\If)dikdx’da:k] ON = NO0ps+ éN Lo

O =\

G s EM Gauge invariant (¢ = ;I(Sgb = i =

H



Power Spectrum from Separate Universe

dIn k3P¢(k)
dInk
| _ dIn k3P¢(k)
dN

,_2dInNg _ dInk*Py(k)
dN dN

1 — b€y + 214,

V(e)=Vo+V (8)(@—o) +V (¢ —d0)> +V ($— o)+

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



Gravitational waves

ds* = a*(7)(dr* — dz'dz;), dds® = —a*(7)hi;dz'dz’ hij = h+3§; + hxe;;

dIn P, (k)

and n; =

2
16 = r < 0.003 (@) (%) r~0.1, N~ 60, Ag > 48M,

N Mp

Large tensor to scalar ratio: Super-Planckian VEVs.
There are issues concerning EFT treatment of Inflation




Non-Gaussianity & the Bispectrum

k1

£ ; X1 |

9

(35) =g(z) + ngL ‘92(23) -t %gNL g3(a:) —

2-point correlations : KOROHEEINCZ IR 2ICINLII SHEN 'Y

3-point correlations : [(CNOROBEEINC-5i N (ZHINILII SEEES PIEE Y

4-point correlations : [(CNSNCNCNHERCI AN AN ALISIES SES SR Y

Be(ki, ko, k3) = (6/5)fnn (Pe(k1)PC(k2) + Pe(ka)Pe(k3) + Pe(ks)Pe (k1))

72("313k2ak37k4) —

L (Pe(k13)Pe(k3)Pe(ksa) + 11 permutations.) + (54/25)gn1 (Pe(k2)Pe(k3)Pe(ks) + 3 permutations.)




Non-Gaussianity is expected to be small

C(SL‘,t) = 5N(¢1(£L’), qbz(il)), cony t) = N(qbl(x), (bg(il)), ...,t) — N(¢1, ¢2, cony t)

((z,t) =Y Ni(t)odi(x) Pc = (Hg/2m)* Y Ni (k)
1N 1N
C = (N389) + 55 (No0g)” + = =252 (Ny69)" + - -

Single field
predictions

all are
suppressed by
slow roll
parameters




Late decaying field : Curvaton or Moduli

o : [Enqgvist & Sloth; Lyth & Wands;
generating perturbations

X 1

Inflation

Simple curvaton model is

. where disfavoured by the data,
pr X a Po
O / ! Fdec ™ Ptotal decay |
/ One has to assume that the
curvaton and inflaton both

‘ - 4 > time (scale factor) decay in 1_0 S M

e Once the curvaton dominates the Universe, rdec

=1 Constraint from fnL [quadratic curvaton]

We can have scenarios where INL = — where 7o ~ —12
: 47'dec 3 § Ptotal decay
both curvaton and inflaton 5
seeding perturbations 40 |
30 1
L 20t ]
o o o o Sile Z
but simplicity and productivity > 10 | 95% allowed \
0| (-89<figi<ia -
both lost! Y , _

0.01 0.1 1




Summary Table

Parameters Predictions Observations Sources
H2 0.051 9
P; m—T7 2.19670:951 % 10" Planck [20]
P
n. 1— 6y + 2ms 0.9603+0.0073  Planck [20] (1) Single field model of
inflation is a very good
~0.0134£0.0090  Planck [20] approximation
dn.
dlIl k 860(_360 + 2770) - 260
~0.022 £ 0.010 BICEP [9]
(2) Perturbation are Gaussian,
d o . g
fi 5 (265 — 1) 27x58 Planck [24] no hints of non-Gaussianity, the
o Bunch-Davis vacuum is a very
¥ — : — : — — 5 4y, -“( . °
gnL =1 (2n4(ns — €5) — €5) 3.3+22x10 WMAP 9y [49] good approximation
TNL (2¢5 — ms)* < 2800 at 95% CL Planck [24]
_ (3) Planck + BICEP will tell
< 0.11 at 95% CL Planck [20] sl
. 16e us the dust contribution to
@
0.16+008 BICEP [9] B-mode polarisation, hence
the value for primordial
n, 1— 2, - = tensor to scalar ratio
correlated B 0 < 0.0025 at 95% CL  Planck [20]




assisted brane inflation
anomaly-induced inflation
assisted inflation
assisted chaotic inflation
B-inflation

boundary inflation

brane inflation
brane-assisted inflation
brane gas inflation
brane-antibrane inflation
braneworld inflation
Brans-Dicke chaotic inflation
Brans-Dicke inflation
bulky brane inflation
chaotic inflation

chaotic hybrid inflation
chaotic new inflation
Chromo-Natural Inflation
D-brane inflation

D-term inflation
dilaton-driven inflation

dilaton-driven brane inflation

double inflation

double D-term inflation
dual inflation

dynamical inflation
dynamical SUSY inflation

S-dimensional assisted inflatior

eternal inflation

extended inflation
extended open inflation
extended warm inflation
extra dimensional inflation

Roulette inflation
curvature inflation
Natural inflation
Warm natural inflation
Super inflation

Super natural inflation
Thermal inflation
Discrete inflation
Polarcap inflation
Open inflation
Topological inflation
Multiple inflation
Warm inflation
Stochastic inflation

Generalised assisted inflation

Self-sustained inflation
Graduated inflation
Local inflation

Singular inflation

Slinky inflation

Locked inflation

Elastic inflation

Mixed inflation

Phantom inflation
Non-commutative inflation
Tachyonic inflation
Tsunami inflation
Lambda inflation

Steep inflation
Oscillating inflation
Mutated hybrid inflation
Inhomogeneous inflation

Many many models
of inflation...

how many can really yield
the Universe we see?

higher-curvature inflation
hybrid inflation
Hyper-extended inflation
induced gravity inflation
intermediate inflation
inverted hybrid inflation
Power-law inflation
K-inflation

Super symmetric inflation
F-term inflation

F-term hybrid inflation
false-vacuum inflation
false-vacuum chaotic inflation
fast-roll inflation

first-order inflation

gauged inflation

Ghost inflation
Hagedorn inflation




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

1040 o
5 1020 |
Q
=
- I S
C
=
5 /=20
_Q -
o 1° nf
- ntlation
2 @
51040
; BBN X |
3 1O~ LHC ; Sec . g
P | 1 ! [ L Y X%I H S
10745 1035 10-25 10-'5 105 105 105 W
Time (seconds) —> N

' NO Hidden Radiation - ONLY Standard Model DOF

After inflation - one must excite SM DOF predominantly

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



Atoms

4.9% Success of BBN
Dark
ey Successful creation of
matter-anti-matter

asymmetry

Neutrinos
10% |
Therefore pinning
- down the scale
of inflation is so
Atoms — important, i.e. tensor
12% 13.7 BILLION YEARS AGO to scalar ratio

(Universe 380,000 years old)



Broad classes of Inflation

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

High Scale Inflation ' Intermediate Scale Low Scale
,_ Inflation Inflation
AQb > Mp7 ¢C’MB > Mp , A¢ < Mp, ¢C’MB < Mp Agb < Mp, bomp < Mp
Chaotic V ~ ¢™ | Assisted/N-flation
Natural/Monodromy Vi~ Z 2 ;
V ~ AY (1 +cos(6/f) | i  Thermal
. . Hybrid/Mutated ;
Topoioglcal | V(6,9) = gm+ 5 (02— M) 4 S |V~ PTG 4 A (@7 — )3
Vo~ 2 (07 =)
1 ‘ AW IR
Higgs | o) - 1-(2)] +e
AMA .
Vi~ g (-7 MSSM/Inflection
SfarObi nSKX Vo~ Vot (¢ — ¢o)V' () + (¢ — 60)* V' +--

L~ MR+ 10"R?



Models of Inflation

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

Visible Sector Hidden Sector
BSM but not
it : SM gauge
far From SM Hybrid inflation i
Ao glers,
V ~o¢*(H” —v°) :
¢~ SU(3) x SU(2) x U(1) String theory
. oo
b ~ SU(3) x SU(2) x UKL x U(1) Higgs need e
not be SM, could models
MSSM Flat directions be GUT driven by open
as an inflaton string moduli

(predictive thermal history)

Open Closed String

SM Higgs inflation |
L~ R+ER H?2 Branfa/anf}-brane
. inflation
(predictive thermal history) Gravity Sector

(universal)
L~ MR+ 10"R’




Vix)/vy,

Post Inflation: Reheating, Thermalization

é()

mt

my=10"GeV, a4=10""

Mt w
‘% 1047
<)
1043
H(a) = /(1/3MD)pi(@i/a)? ~ Ty 5"
< 10
1/4 1/4 ?
()" v (2) e I
" * 31 b :
N 1 100 10* 10° 108 100
x/ x;

Visible sector inflaton naturally
decays into SM dof., such as Higgs/MSSM, etc.



Hidden Sector Inflation

NHidden NHz'dden ¢ NHidden

N Z i Z i, i Z enes

s G
@
4

There are many many hidden
sectors with
un-constrained couplings ->

un-predictive thermal history



Reheating/Preheating/Thermalization

r = a(t) X mg

Perturbative Decay

l:’cp +3H(t)py = —T'ypy . 10}
pr+4H(t)pr =Typg + Ten(pr — PR)
H

10}
/ 0.001} Iy, (delayed)

I'y, (efficient)
10—7 PO | acacianal . o | PPN | RPN |
fi - fi fi . fi 1 100 104 106 108 1010

3 % x/xg
- 2 2 - 2

iy Al
I'th = nr(z)(o(z)v) > H(z) p(t)? p(t)?

t-channel processes could be efficient or could be inefficient



Reheating Temperature & Gravitinos

3 -6
a2~ (1075ec) (TeV) 107
10-9
1079

yBBN  10-16 for Mzp~1 TeV N _
3/2 or Msz/o e > 1()-10

BN —1 —1
Y. ~10715-10"13 for M35 ~ 10 TeV C

3/2
No/constraint for Mg/, > 100 TeV 1011
> 1012
= 10713
dns s 1014

2

dt I 3Hﬂ3/2 ~ <Zt0tv>nMSSM10—15
10-16

Spor o 1/M?, Lo

1n3/2 Lip

~ 1072
S p

0 O
| | | | I/ | | |
I g\ /ﬁl
| |
k /
| \ ,
\\ :'._‘\“‘~ T N\
LYp(IT)! s\ s |
| A
Yo(FO) ) /Lis
\\
: ’
\ //..
95%C.L. N/
B, = 1 T 6LiH
2. =1TeV

jet

n=(6.1+0.3)x10-10

|

|

| | | l | | |

— T, <10° GeV

0

D
Log,,(T,./sec)

10-6
10-7
10-8
10-2
1 O-10
10 11
10-12
10-13
10-14
10-15
10-16
10—17

Kawasaki, Kohri, Moroi, 04

Conservative bound
for 1 TeV gravitino



Preheating/Thermalization

Non-Perturbative L, .,
*Cmt - _Eg X ¢
'rransfer of energy ol
i(t, X) (2 )3/2 /d3k(x;‘(t)ake‘h+xk(t)ake —~fkx st Unstable

Xe + (kz -+ M§ +g 22 sinz(mt))xk =0,
XZ + (Ak - Zq COS ZZ)Xk =0 zZ = mi 20 -

k* + m’ 2 2
2 +2¢, where g = gérlmz o4

72

A, =

Unstable

Xr X exp(ukz) Resonant preheating : ¢ > 1

Unstable Unstable

Narrow resonance : ¢ <1, pup ~m 10




Preheating/Thermalization

Adiabatic limit Xk OX eﬂt@ f widt Linde, Koffman, Starobinsky, 9704452
X [ X N
I ‘ "
W = \/ k2 +m? + g2 ®@) sin?(mt). e~y A VQVAVQVAV[’\V i | :5
dii < 20)3 U u | "
dt — F

lll nj.

Adiabaticity is broken

kz < V_gﬂﬂb —mi
B,
Xr+3H i + (a_z +m, +g2¢(t)2 sinz(mt)) xi = 0.
k2 9 3
w; = 20 +m’, + g* ®°(t) sin’ (mt) — ZH2 = EH

When preheating comes to an end?
Is tracking number density a good
approximation?

N
‘*“*M*%va “VAW “Z\VAVAVAR Vu Al

hl ng :

2
{ H Stochastic Preheating
A . . : . ~



Instant Prehetaing : Gauged

Preheating/Thermalization

MSSM inflaton

Fermionic Preheating :

|||||||||||||||||||

1

0.001 ¢

1076 |

10—9 |

10—12

1 —— T v
0.1} — \ /\ ; N
— \/ |
0.01 | \/ \m L .
/\ | Gravitatinal wave Preheating :
0.001 ¢ analytical :
| | 5 —_—
0.0001 } )
| 10 |
1e-05 .
e \"\ ﬂé '15 g
1e-06 * l] GSD 20 |
16-07 . — ‘ g’g
Im o K;fbogg —
. .¢ . 30 | K=-0.1 o |
Preheating ends via back reaction: S = | R
Thermalization time scale is same as D0 T 1O 10 TR I

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

. . 87 /1
 9+3Hp+V,=0 g2 _ ”(—¢2+V(<p))

| 3 \2
|
d de @
Nafurally Expected Inﬂafion Requires
_¢ ™~ _( z¢) (¢) ™~ M;l _¢ T = ( z¢) (¢) < M

There is a late time a’r’rracfor, bu’r quanfum correc’rlons can
destroy this attractor behaviour

Linde,
Mukhanov

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



Quantum corrections and (in)validity of EFT
Although py < M;L,

Momentum transfer to

N N
Vi~ gidtis, Vo~ gioF, P
the coupled field is > M)

gi, g; ~ O(1), (¢) ~ O(1 —10)M, =
My, 4, ~ g(¢) ~ 10gM; —"

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

(Nmy)* ~ (Ng(#))* < 10% GeV)* Ng < 107°

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

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



QUANTUM CORRECTIONS: BOTTOM-UP

2m¢n

5L ~ ZA n4.Zd (M4) e M,

(V¢)2 — g‘“’Vp,qquqb >\n7 dm ™ 0(1)

M
CORRECTIONS TO THE POTENTIAL f

CORRECTIONS TO THE KINETIC TERMS
(less well known)

Diego Chialva+AM (2014)



QUANTUM CORRECTIONS:
HIGHER DERIVATIVES

5= / &'z [T(@Q)¢—Vins(9), O =gh'V,V,
['(—p?) ~ (p* + m$)(P* + m3) ... (p* + m?)

1 1 1 2 —p? /M?
(p? + m%)(p2 + m%) p% + mf n2 + mg ( P )

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



NO ATTRACTOR SOLUTION: SLOW
ROLL IS NOT AT ALL GUARANTEED

4 _ O +1 | e \
E ~J MS 1¢€ m129 ¢ I pr ﬁ /:E;.}j‘:{ - o
gg 2 p + 1 ) ) P\ ‘ Jamac

/
A

9,° = g5 °(p*/p — 1) and m = 2MZ/Inp

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




A Viable initial condition for slow roll inflation

Multi-dimensional
tunnelling

Taking the pace out f Y
of inflaton : Tunelling 1 .
can slow down the
inflaton



Examples of Inflation:
SM Higgs as an inflaton

M2 h?
PR §ER+Q;LV

LRV
sJ_/d4x¢—{ o*havh A }

(U 2
e

guvzﬂzguv, Q? _1+M,%

Redefinition of the Higgs field to get canonical kinetic term

dx_\/§22+6§2h2/M,% . { hey for h< Mp /&

dh 04 szexp(fg—’lfh) forh> Mp/&

L %ux9"% _ A h(x)
S = fd4x\/7{ 5 4Qx)}



e I e e I e

_>
Mp/& Mp Xwmap = 5.4Mp X
oyt ———
Reheating Inflation Slow roll
preheating ends Inflation
: 8(4N-+9
spectral index n~1-— QN::;)?) ~ (.97 ST/T ~ 10°5 — % ~ 47000
tensor/scalar ratio r ~ ﬁ ~ 0.0033

Reheating temperature Mp/E < Tieheating < Mp/+/E

Effective field theory is invalid

[FB, Magnin, Sibiryakov, Shaposhnikov’11]



Staronbinsky Inflation

L~ R+ciR° — Ghosts Finite Number of

Higher Derivatives

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

R+ iR+ R, R" + 3R, ap R
— Gliosis

Stelle’s Gravity: Renormalizable but contains Ghosts ...

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



GHOST FREE THEORY OF GRAVITY

R 1, N5

Eng§+Rf1 ﬁ? R‘FR,W.FQ ﬁ? RFY ",:;",

=

VAo =

+RHV)\UFS (W) RF A T eee o

f Z

B

where, —

~ My o

Fi( /M?):Zfz,n i = 9"V, V.

n>0

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

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



MSSM as an inflaton

Shift symmetry

LH,

u

USY is broken

ralaa kel
ribey




GAUGE INVARIANT INFLATONS
SU(3) x SU(2); x U(1)y

1 oz_i ’Y_L

Ll 0 1 I
LiLyes 5-35(3) B=7(0) o=

 wde 0 e e
| QQQHs | 1 [ v el H - Hd:—<)
 QuHge )1 | U b o 9 \o

a8
e 1
Qe [
ooogn | 1|

BRI  ©U (3) < SU(2); x U(l)y x U(1)p-r
D, —
ICTOT LR AT I VAR | 1 (0) i

L_

I“_ NELE N =

(QQQ) H H1H1 v
I_

Gl

V3 \¢

=

()

(QQQ) LH 1H © Allahverdi, Enqvist, Bellido, AM, (PRL, 2006), (JCAP, 2007), Allahverdi, Kusenko, AM, JCAP (2007),

(QQQ)sHaHgHge || v Allahverdi, Dutta, AM (PRL 2007), Chatterjee, AM, JCAP (2011)



MSSM INFLATON POTENTIAL

~ o~~~ b
V(udd/LLE) W ~AY g V= Soft SUSY terms + | r
n>3 p 0P

Point of enhanced
gauge symmetry

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

“«—— RGE flow —»

(udd/LL¢é)
¢I.HC ¢infhtion

POTENTIALS ARE CONSTRUCTED BY SMALL PERTURBATIONS Allahverdi, Enqvist, Garcia-Bellido,
AROUND THE ENHANCED GAUGE SYMMETRY POINT AM, PRL (2006), JCAP (2006)



CONSTRUCTING A POTENTIAL AT THE
LOWEST ORDER

Ah N
(\¢\) —m2|¢\2 ¢° + W[t (n=3) {
AN ¢6 ¢1O
G MS - \? ‘]\4‘6 (n = 6)

V(udd/LLe) INFLATION TAKES PLACE ALWAYS BELOW
PLANCK VEV

1

V(lo]) = §m2\¢\2

Point of enhanced
gauge symmetry

“«—— RGE flow —»

(udd|LLé)
¢LHC ¢inﬂation

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

(LLG) (LL@) (udd) (udd) 4 RENORMALIZATION GROUP
W = \ or M\ EQUATIONS CAN RELATE LHC
Mg Mg SCALE TO INFLATIONARY SCALE

Ll L I 1 L] Ll 1 ] 1 1 ] l 1 1 J 1 I | ] 1 1 l Ll 1 ) ] l

LHC \1*° :

RULES
ouT

PLANCK
Pe = 2.196") 020 x 1077

ns = 0.960 = 0.073

Log, ,m p | GeV ]

BOEHM, DASILVA, AM & PUKARTAS, PRD (2012), WANG, PUKARTAS & AM, JCAP (2013)



Super-Planckian excursions with
Monotonically evolving potentials

Ap > M, n
= o Vs i_ll
2 :
| D
nS s

(.rbend (.f)'(‘.mb gj;-f
& ~ . n

N

A} 8 4\ 8 [do\? 50\ [ Ag >
T AE_M?I(H) _A/IQI(dN) ’“50-003!ﬁ! <E)

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

Lyth Bound : ¢ Evolves Monotonically



Assisted Inflation/ n-flation: N copies

Liddle-Mazumdar-Shunck (1998), Dimopoulos, Kachru, (2004)

N E-qﬁz Nf¢(2)
N~ —— —dz_ o
V=S ner YEmE[ wesmn ~ G
-
Z iy, o
= SR S

N =100, ¢9 = 0.1Mp; = N; = 10°

r s ~ 0.

100 ne=1—— ~0.96
N4><4 0.16 N
00

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

9+
S R
We need to embed Inflating b
: ; SR 7
inflation within FRW M "
Universe, which has a 4"
space like singularity
r=0
Inflationary patch has to be Big Ban
embedded within an v N
anti-trapped region, i.e. ., .
dt _+_92S_RabNaNb
dr 2  _
RupN°N® = 8xT,,N°N® %7
T e——— ————emmesemmOT

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)



WHAT IF UNIVERSE HAD THE
PLANCKIAN ENERGY?

—<b ~ —< @) ~ V() ~ M,

a(t) a(t) >0 : —) Inflation

A Non-Singular
Bouncing Universe

Full UV understanding of
gravity: —) perhaps String
/ theory can help us




Summary

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.

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.

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.

Data will give the final verdict ... stay tuned
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Abstract

Reheating i3 an important part of inflationary cosmology. It describes the
production of Standard Model particles after the phase of accelerated expan-
sion. We review the reheating process with 2 focus on an in-depth discussion
of the preheating stage, which is characterized by exponential particle pro-
duction due to a parametric resonance or tachyonic instability. We give a
brief overview of the thermalization process after preheating and end with a
survey of some applications to supersymmetric theories and to other isues
in cosmology, such as baryogenesis, dark matter, and metric preheating.



QUESTION: HOW GOOD IS THIS
EXPECTATION FROM THEORY?

]. ‘2 ].
—d? 4+ —(0;0)? < V(o) < M2
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

M, < M, <M, (in4d)

String theory: at least 3 scales in 4 d



Density perturbations

formal derivations



Linear Perturbation Theory

g1, (8) = ding(1, ~a2(t), ~a?(t), ~ #0), w) - |

cosmologlcal (comovmg) time (¢) and conformal time (7)

O (x 0€¥ (x
“)Ha gx(a)

(x) ‘P(x) +£°0, ‘I>(-’v) +0(&?)

—— — —
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Qunatum fluctuations in matter & metric

—~

p(z) = @(z) = p(z) — ¢'(1)€° = p(z) - |
& = dp/dr and ¢ = do/dt = ¢ /a and €° = £ /a?

59’1,] — a'2hij F?] — (al/a)dgj and Fi] = (.

R

a
2h'izj — azh'z) _ a i zg] jgi - a2hij - 8263 o ajgi + 2;6@760

Decomposing any tensor

zJ — 2¢§ZJ + 20; a B+ (3 b+ 0 F) field of rank-2

Transverse

vector Transverse-Traceless

a2’ a? Gauge Invariant

_ — . T 1TT _ 1. TT



Gauge Invariant Quantities

Graviton with 2 Polarisations :

plus (+) and cross (x)




Scalar field fluctuations during inflation

Bunch-Davis vacuum

(y—1 2'I'(v) 1 1_
k, — 'L(l/ ,1)71'/2 k 5 v

for my < Hy




Gauge Invariant Perturbations

Bunch-Davis vacuum

3 1 1
= 2a%H* [1+e—§n+e2—2£n+ §n2+§§2




Gauge Invariant Perturbations

On sub-Hubble scales

ul + k*u, ~ 0

On super-Hubble scales

Z//

"
u——uk:O
k V4

On super-Hubble scales we have: v o z

)ﬂ‘w[%—% r(v)] H 1 <k>_1+(”5‘1)/2
| o

r(3/2)] ¢ aHV2k aH
y—3 () H2 1 ke (ns=1)/2
> ey 5 v ()

ny—1=—6e+2n+O(,n°,en, %) € = M}

— R

V!(d*V/dg’)

V/2 (d4V/d¢4)

o = M§ 7

—16€en + 24€* + 2£7




Gravitational waves during inflation

ds3 = a®(7) (dr% — [6i; + hij]dz*dz?)

Brex = Pi(T)aw,x + PR(T)aL




Gravitational waves during inflation

for kT -5 —o0

Bunch-Davis vacuum

16 H?

tum
quua,n .
r M2




Dark Energy Equation of State

—1.2 —0.8

W Planck+WP+BAO




3- and 4-Point
Functions

reconstructed bispectrum 26-0 detection of lensing

3-point function: 4-point function:




Observables from Planck

0.34 0.38
[ Planck coll. 1303. 5076]

HO, and Qm are degenerate



Power Spectrum during matter domination

) () - e
2w ) 150m2 M3 €

P, (k) =~ (2.445 % 0.096) x 10~ (kf ko = 7.5a0Ho ~ 0.002 Mpc™
0

de
dInk
V/(dV/dg?) s V2(d1V/dg?) dn(k)

E=My——5——, 0'=Mp— dlnk=—166n+24€2+2§2

d dé?
= 2en — 4€? | dh?k = —2en + €2, dlflk‘ = —2e£? +n€% + o3




Different Shapes of Bispectrum

(a) squeezed triangle
(k =k >>k )

MOST IMPORTANT

(d) isosceles triangle
(k, >k =k )

(b) elongated triangle
(k =k +k,)

(e) equilateral triangle
(k,=k,=k)

k/k‘

(c) folded triangle
(k, =2k =2k)




