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How did the Universe begin? .
oV L aVWhat is:jts fate?® .-
e Whatisjt made of?

SRR How does it work?
| Wh\erefdp we come from? .
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DANIEL CARDLE 2003
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Telescopes are

tlme machlnes
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o T O HSC team
Andromeda T TS - Subaru
oIl o | : .  = : .. \ X t I
2.3 million lightyears .~ slescope



- i ’cluster of gaIaX|es
8. *2 - b||||on I|ght year

‘.Ab'en 2218
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5alaxy Cluster MACS J1149+2223

A Distant Gravitationally-Lensed Galaxy at Redshift = 9.6
NASA / ESA / STScl/ J. Hora (Harvard-Smitsonian CfA)

galaxy @ 13.3 billion Iight years

High-Redshift Galaxy MACS1149-JC

Hubble Space Telescope * ACS *» WFCS
ssc2012-12:



Picture of the Big Bang

"
Planck Legacy Release 2018 ESA and the Planck {@aboration




History of the Universe
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2 billion light years
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Intensity [MJy/sr]

""" How do they know

<

2

each other?

Wavelength [mm]
1 0.67

FIRAS data with 400G errorbars
2.725 K Blackbody

® |ike having discovered
two remote islands in
very different parts of
the world, but people
speak the same
language

® we suspect they were
together at some point

Cosmic Microwave
Background
(CMB)




Expansion should
slow down

Gravity only pulls, never pushes
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ow is that possible!?

Einstein’s equation

|
R,uu — §g,uuR — SWGNTMV

How Universe expands what is inside

« more energy

faster expansion
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How does it happen!

|

more or less constant energy in a given volume

time

size of the Universe



near sighted

What you are seeing one
moment is gone by
inflation the next moment

feel very near-sighted
“horizon”
small space

=big uncertainty

AFEAx 2 he




=
=

*KAVL

for structure

Seeds




o) =
-
&

>
<
=

Inflation sowed seeds
Dark Matter grew them

without dark matter

with dark matter
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Inflatlon IS Dad
Dark Matter IS Mom
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Looks pl

® Uncertainty principle
leads to Gaussian
distribution for the

simplest cases

® |ndeed!

® Matches simplest models
of inflation
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Still many mysteries

What caused inflation?
Which moment?
How much?

Definitive proof?

polarization




History of the Universe

Key: W, Z bosons A\/\, photon
g quark (%) meson

g gluon ) # # ba

€ electron
LLmuon Ttau

V neutrino

##% ion




ravitational VWave exists!

The whole Earth stretches only by 10-14cm
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TT,TE,EE+IlowE+lensing

TT,TE,EE+lowE+lensing
+BK14

TT,TE,EE4lowE+lensing
+BK144+BAO

Natural inflation
Hilltop quartic model
o attractors
Power-law inflation
R? inflation

V x ¢?

V oo ¢pt/3

V x ¢

V o ¢2/3

Low scale SB SUSY
N,.=50

N,.=60

Starobinsky model |

0.94 0.96 0.98 1.00
Primordial tilt (ny)

Fraction of gravitational wave in perturbation

0.00
|

P(k)=A k-1+ns




What we expect with LiteBIRD

e

Ny current limit

Power law

2]
O
-
©
=)
wjd
(&)
=
Y
=
()
>
)
S
©
c
O
-
©
=
>
(1]
| -
O

Starobinsky model

0.97 0.98 0.99
1!
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We absolutely need 6r=10-3

T. Matsumura, Kavli IPMU
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String Theory

e |nflaton field cannot go over a large
distance 2¢ < Mpianck

H. Ooguri and C. Vafa, hep-th/0605264

e can’t expect large tensor
component

dop \
~8— ) <1077
=3 () =

e bad news for CMB S4, LiteBIRD?

* |nflation may move substantially
only for several initial e-folds

e Can expect much larger r!

e Still observation will put string
theory on the edge
HM, Masahito Yamazakiand Tsutomu T. Yanagida, arXiv:1809.00478
Chien-| Chiang, Jacob Leedom, HM, arXiv:1811.01987
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o CMB B-rhode polarlzatlon IS unlque
- Wniverse befo::e the Big Bang -

I

* We can ,proVe infla_tign (and'mee_'t.aur' Qad!)
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Inflation




