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Introduction




| What is Inflation? | |

Brout, Englert & Gunzig ’77, Starobinsky ’79, Guth ’81, Sato ’81, ...

» Inflation is a quasi-exponential expansion of the Universe at its
very early stage; perhaps at t~10-3° sec.

» It was meant to solve the initial condition (singularity, horizon &
flatness, etc.) problems in Big-Bang Cosmology:

= if any of them can be said to be solved depends on precise
definitions of the problems.

» Quantum vacuum fluctuations during inflation turn out to play
the most important role. They give the initial condition for all

the structures in the Universe.

» Cosmic gravitational wave background is also generated.



From inflation to bigbang

After inflation, vacuum energy is converted to thermal energy
(called “re”heating) and hot Bigbang Universe is realized.

V()

inflation

=

1
1
\ :

oscillation

Reheating: I'= H
(birth of hot bigbang universe)

| — 2
o a7 o HY

oscillation

mflatloni (MD)

t; te



Kinematics



length scales of the inflationary universe

: Size of the
. observable
. universe

v log a(t)

Inflationary Universe Bigbang Universe



Flatness
small universe ‘ Size of our observable universe
y/

/\ looks perfectly flat

expands by a
factor >1030

Flatness can be explained only by Inflation
NB: Inflation may not always imply flatness



Dynamics



Seed of cosmological perturbations
Mukhanov 81, ....

Zero-point (vacuum) fluctuations of ¢: 5¢ =Y o4, (t)e™
k

k2
a’(t)

op, +3HSp + 0’ ()¢, =0; o°(t)=

harmonic oscillator with friction term and time-dependent @

op, — const.
;; é .- frozen when w < H
5. (on superhorizon scales)

[tensor (gravitational wave) modes also satisfy the same eq. ]

Starobinsky ‘79



| Generation of Curvature Perturbation |

A
curvature (potential) perturbation R : OSR® = —

—V°R
a
comoving curvature perturbation R, ~- Newton potential
H
* 0@ is frozen on “flat” (R=0) 3-surface (t=const. hypersurface) R, = —?5@
* Inflation ends/damped osc starts “comoving” (¢ =const.) on 3-surface.
t _ —
A FT_const., R=R,+#0
hot bigbang universe
R#0
P
end of // R =0
inflation
5p =5¢, #0 s =0
1

X



Generic predictions of inflation

Spatially flat universe

Almost scale invariant, adiabatic, Gaussian
primordial scalar (curvature) perturbations

Almost scale invariant, Gaussian primordial tensor
(gravitational wave) perturbations

Generates CMB anisotropy
— Origin of galaxies, stars, ...
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Quantitative Predictions

- Amplitude of curvature perturbation:

_H Mukhanov (1985), MS (1986)
C 27Z'¢ k/a=H
* Power spectrum index: = \/;TG 2 4x10®GeV- Planck mass
3 2 2 " r2
7k pao=| 2| Akt 1= w2 23V
(27) 270 |0 vV v

Stewart-Lyth (1993)
- Tensor (gravitational wave) spectrum:

3
A7k p (k)= Ak oy =t BT
(27) 8P.(k) 8

“consistency relation”

Liddle-Lyth (1992)
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Observational results
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o Amplitude of curvature perturbation:

Mukhanov (1985), MS (1986)

[ R, e ~107° = VY4($)S10°GeV? ]

1

e Power spectrum index: M, = el 2.4x10"°GeV: Planck mass
T

3 2 2 " 12
(42”’“)3 PS(k):LHA = Ak nS—leﬁ(Z“// —3“//2
T T )
elastt Stewart-Lyth (1993)

[ Mg ppanec —1=—0.0355+£0.0049 < ny—-1~-0.04 for atypicalmodel ]

Mukhanov & Chibisov (1981)

e Tensor (gravitational wave) spectrum:
4rk’ RYACHEE:
(27z)’

P.(k)=Ak™ ; n, =

8 P, (k) T g Liddle-Lyth (1992)

[ to be observed ... ]




Tensor-to-scalar ratio (rg.002)

Planck constraints on inflation

Planck 2015 XX
2 o \ Planck TT+lowP
0 BN Planck TT-+lowP+BKP
\ B Planck TT+lowP+BKP-+BAO

0.20

1| Natural inflation
Hilltop quartic model
(v attractors

4| = - Power-law inflation
—  Low scale SB SUSY

R? inflation
3

0.15

V x ¢

0.10

V x ¢*
V o /3
V x o
V ox ¢2/3
N,=50
N,=60

0.05

0.00

L
0.94 0.96

Primordial tilt (n.) 3
11 d log[k°P; (k)]

o scalar spectral index: n,~ 0.96 i d logk
o tensor-to-scalar ratio: r < 0.1 ' P. (k)

o simplest V' oc ¢2 model is almost excluded P, (k)




Implications




-

Inflation as the Origin of
All Structures
of the Universe




‘ Current status I

scalar spectral index: n<lat~5oc

tensor/scalar ratio: r < 0.1 implies E < 1016 GeV

inflation

simple, canonical models are on verge of extinction
(m?¢$p? model excluded at > 2 o)

R? (Starobinsky) model seems to fit best. But why?
(large RZ? correction but negligible higher order terms)

fy o <O(1) suggests (effectively) single-field slow-roll
(but non-slow-roll models with f,'°c@ =0O(1) not excluded)

<

element of non-canonicality is needed }

19
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Beyond
(standard model of)
Inflation
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non-canonical models

Non-canonical kinetic term? (c, <17?)
1

P, o« 1 (c.: sound speed) , fe™ o —2
c

S

Planck: c,> 0.024 at 95% CL
non-minimal coupling to gravity?

P, (k) 1
V(@)+EH°R == r—P (o) E Planck: £> O(10)?

scalar-tensor with derivative couplings (Hordeski) ?

c, <1 c,. <L c,#c,, non-existence of
t Einstein frame?

tensor propagation speed ‘[ }

o : : definition of
multi-field models, non-attractor inflation, ... Nflation?




Anomalies & Features

6000 T T TR T T e MWiggles (dip)” in the power spectrum
R signature of a heavy field?
o 4000 Chen 11, ...
= 3000 step/feature in potential?
N : Leach et al. 01, ....
2% non-BD vaccum?
1000 TN Easther et al. '02,....
60 -l LA = ;:60
«  300F 130
a  of {0
< 300F 1-30
-600i| . T

a1 TR RS VS Uy L7 e T | 14
1000 1500 2000 2500

{
« Suppressed large scale fluctuations

featured potential?|open inflation? |
Linde, MS & Tanaka 99, ....
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Cosmic Landscape? |

string theory suggests an intriguing picture of the early universe

- =K
e — 2 ¥

—
A T
o

A
taken from http://ineedfire.deviantart.com/art/Psychedelic-Multiverse-104313536

[Maybe we live in one of these vacua. ]
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» Universe jumps around in the landscape by quantum

tunneling .
| _ expansion rate
* it can go up to a vacuum with larger p,, I

de Sitter (dS) space ~ thermal state with T'=H/2r

* If it tunnels to a vacuum with negative p,,,
it collapses within t ~ My/|p,|¥2.

* SO we may focus on vacua with positive p,: dS vacua

Sato, Kodama, MS & Maeda ('81)



Open Inflation in Cosmic Landscape |

Universe inside nucleated bubble = spatially open universe

Friedmann eq. N negative
2 _ [ @ P :
H E(_j — - spatial
a 3M; curvature

1= '2 -+ lesQ+QK
SM:H a‘H '\_

density parameter

Observational data indicate 1-Q, = Q, , ~< 10~ : almost flat

("0” stands for current value)
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What if this is the case?

» two possibilities
1. inflation after tunneling was short enough (N~60)
— — —2 ~ -3 “ . ”
QK,O =1-Q_ =10 10 open universe
—) signatures in large angle CMB anisotropies?

Kanno, MS & Tanaka (‘13), White, Zhang & MS ('14), ...

2. inflation after tunneling was long enough (N>>60)

) Ko —1— Qo <1 “flat universe”

—)» signatures from bubble collisions

Sugimura, Yamauchi & MS (‘12), ...
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scalar suppression on large scales

(IR, 1U,P) p*/(2n?)

1078 g——rrem

102} ' model2 3
: model3
13 ) L
1o 0.01 10 100

Linde, MS & Tanaka (1999)
White, Zhang & MS (2014)

107k

10-11 :

> {1 scalar

> - tensor

(no suppression)

scalar suppression begins at
smaller scale

curvature ﬁ

radius H, 1 if Q =

L break scale

0.01
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dipole power asymmetry

P(k;#)=(1+n)1%so(k)

line of sight dipole

E; B w—a Posiiive direction sk r w—a Poslifve direcion
= 8F /| 7 B '
e E i | - E
2 o T = of
|.. EE ] 1 k EE
(=] E ' =4 E
= F = 3
[, [ =1 e oL
po =] = = = =E . i
T FE v x.f'd-.y o BE ey
= gH b, = gf .,
: e S e: .
. ﬁ= 1 1 1 ’ .-.'-4 - ﬂ= § L L — |
I-.-_-.;E I:-:-‘ira T T T T
3 3 “k 1
o 430 B . 12060 1800 200D i 450 A 12308 1800 A6
D |

no asymmetry in the direction of ell=1 ﬁ

dipole asymmetry in the direction
maximizing the asymmetry
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Planck 2013 XXII|
Data set FWHM |"] A (.h Alnf Significance
Commander .. . LiiL T 5 0.078:2E20 | (227,-15)+19 88 350
13 £ X 5 0.069°00 | (226,-16)+22 7.1 3.00
BRVEN. ...csxxosioin 5 006600 | (227.-16)£24 67 29
BUYCK: . coccvisvemvanassn 5 00654031 | (226,-17)+£24 66 29
WMAPSIEC . i svcvanisven 45 00720022 | (224,-22)+24 7.3 33
Commander . .. ............ 6 0.076°32¢ | (223,-16)+25 64 280
BELC s nisiwas aukawass 6 0.062°00 | (223,-19)+38 47 23
SEVEM 6 0060005 | (225.-19)x40 46 22
ST SHECK I\ i inaiidngy 6 0.0580% | (223,-21)+43 42 2o
=(1+®COS¢9 - Commander ............... 7 ongggg (2;3.—3»:45 4.0 200
T ) BILC: ao iz 7 0.055'05 | (225.-10)+53 34 1.7
IS0 SEVEM 7 0055023 | (226,-10)+54 33 1.7
SMICA 7 0.0484009 | (226, -11)+58 2.8 150
Commander ............... 8 0.043'008 | (218,-15)+62 2.1 1.2
A ~ O 07 yin 2 N 8 0049082 | (223 —16)+59 25 140
a4 . BEVER: coocovais s s v saeh 8 005000 | (223,-15)260 25 | 40
SMICA 8 0.0410002 | (225 -16)+63 2.0 Ller
Commander 9 0.068°5 | (210-24)x52 33 17er
NILC 9 0.076' 00 | (216,-25)+45 39 1.9
SEVEM ......... 9 007800 | (215,-24)+43 40 2.0
SMICA ..o, 9 0.070+25s | (216,-25)+50 34 1.8
WMAPITLC ..vivennnnnns 9 0.114 (225,-27) 6.1 28
Commander ............... 10 0.002°00 | (215,-29)+38 45 2.2%r
1§ 5 oA A S SN 10 0.098*1 0 217,-29)+33 5.0 230
SEVEM ..........ccovenn. 10 0103305 | 217,-28)£30 54 250
SMICA . .oviiiiiaaannn. 10 0.004:000 | (218,-29)+37 46 22




Gradient of a field over the horizon scale
= Super-curvature mode in open inflation

MS, Tanaka & Yamamoto '95

curvature radius | >

size of observable
universe

modulate the amplitude of
tion depending on the direction.

leading order effect is dipolar

if this is the case, then Q 210"

Kanno, MS & Tanaka ‘13
Brynes, Domenech, MS & Takahashi ‘16
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i (T+E)

Scale-dependent non-Gaussianity?

' l 1 ; e Slightly above 1-c
o g Planck XVII deviation from zero
 What if this is
primordial?
I.i;
Prefipn;

It

| | | |

500 1000 1500 2000

X00 01 800 800 1000 1200 1400 1600 1600 2000
500 - 2000

may be due to TSS coupling in a massive tensor theory
Domenech, Hiramatsu, Lin, MS, Shiraishi, Wang ‘16

emax
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Future issues




. cosmological scales
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Lcom M
H =10 GPC  fermmmmmm e 102 M
102 MpC ________________________________ [ Y Iarge 1018 MO
scales
» beyond inflation?
|
[ N ~ 50-60 J
" 108 cm -—-—-{}—- --------------------------------- 10%° g
H, - model dep
m Ik
2 - -
| 10%cm # e-folds
1015 GeV 1015 GeV 10° GeV 1eV 104 eV (~1/7)
| — > < >< > < )
inflation damped osc rad-dom  matter-dom dark energy
(assuming T, ...>10°GeV)  (matter-dom)



cosmological scales
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L
Lcom M
5 e 0 ' o —— 10 M,
01V oY S ., Iy 101 M
[ intermediate I
scales
102D frosemmessarsaen e St T R R 106 M_
» bihing inflation? !
. : !
I I
N =~ 35-50 J | I
I I
(108 cm === Jlr ------ L B EEEEES RS 1015g
i !
] I I
H, - model dep : !
U -
! I
2 em A 1 MeV 1
| 10%cm | , L # e-folds
101> GeV 10> GeV 10° GeV 1leV 104 eV (~1/7)
| —— > < >< >< l
inflation damped osc rad-dom  matter-dom dark energy
(assuming T, ...>10°GeV)  (matter-dom)
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. cosmological scales

Lcom M
H0'1=1O Gpc 1024 Mo
102 Mpc 10 M
10? pC 106 M@
0.1pc 1 M,
» particle physics?
[ 108 cm | 1015¢
Hinf_ 7
2
| 107 cem | . L # e-folds
10> GeV 10¥> GeV 10° GeV 1leV 104 eV (~1/7)
| —— < > < >< >< |
inflation damped osc rad-dom  matter-dom dark energy

(assuming T..,...>10°GeV) (matter-dom)

reheat



definition of inflation?

(conformal trans can give any expansion law)
. Domenech & MS ‘15
ds® = —dt’ + a*(t)dx?

ds’ = Q*(t)ds® = dt = Q(t)dt, a(t) = Q(t)a(t)
initial condition before inflation, multiverse?
successful reheating?
non-linear effects, non-Gaussianities?
gravitational waves at second order, PBHs?

massive gravity?

[ Identification of Inflaton! }
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Inflation as the tool to explore
physics of the early Universe

Era of

-

Observational Inflationary
Cosmology!




