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Where did we come from®?

~A quest for the physics that operates
at the beginning of our Universe~

Eiichiro Komatsu [Scientific Member since 2012]
CPTS Sektionssitzung, February 23, 2017

Spectroscopy of
the whole Universe!




l am. ..

* a "‘cosmologist”
* Or, someone between astronomy and physics

* Theoretical and observational. | divide my research
time Into

e ~2/3theory, ~1/3 data analysis
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Where did | come from?

Bayern in Japan!! because

o\\Ve speak funny dialects,
Y eLveryone else makes fun of us,
eBut we are very proud of ourselves,
eBecause we were once the center of the country
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Two things about lakarazuka that
every single Japanese knows

KAGEKI "Revue”

Female-only Musical Performance




Two things about lakarazuka that
every single Japanese knows
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Why did | leave Japan”

* Because science | wanted to do for my PhD, i.e., to
learn about the beginning of the Universe using
the light from the Big Bang, was not possible in
Japan in 1999



courtesy University of Arizona



courtesy University of Arizona



courtesy University of Arizona



 WMAP was launched on June 30, 2001

* The WMAP mission ended after 9 years of operation













Our Origin

 WMAP taught us that
galaxies, stars, planets,
and ourselves originated
from tiny fluctuations in
the early Universe






Kosmische Miso Suppe

* When matter and radiation were hotter than 3000 K,
matter was completely ionised. The Universe was
filled with plasma, which behaves just like a soup

* Think about a Miso soup (if you know what it is).
Imagine throwing Tofus into a Miso soup, while
changing the density of Miso

* And imagine watching how ripples are created and
propagate throughout the soup









Data Analysis

e Decompose temperature
fluctuations in the sky into a
set of waves with various
wavelengtns

* Make a dilagram showing the
strength of each wavelength



WMAP 9-year Data (2073)
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WMAP 9-year Data (2073)

Long Wavelength / ShortWaveIength
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* ?

- Sound waves in the Universe. Predicted by
Rashid Sunyaev and others in 1970
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Measuring Abundance of Hake
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Cosmic Pie Chart

® \VWe determined the
abundance of various

components in the
Universe (2003-201 3)

As a result, we came to
realise that we do
not understand 95%
of our Universe...

® H&He € Dark Matter
@ Dark Energy



Origin of Fluctuations

INto the cosmic Miso

 \Who dropped those Tofus

Soup”




Mukhanov & Chibisov (1981); Guth & Pi (1982); Hawking (1982); Starobinsky (1982);
Bardeen, Turner & Steinhardt (1983)

| eading ldea

- Quantum Mechanics at work in the early Universe
 Heisenberg's Uncertainty Principle:
* [Energy you can borrow] x [Time you borrow] ~ h

 [ime was very short in the early Universe = You could
borrow a lot of energy

- Those energies became the origin of fluctuations

 How did quantum fluctuations on the microscopic scales

pecome macroscopic fluctuations over cosmological
Sizes”




Starobinsky (1980); Sato (1981); Guth (1981), Linde (1982); Albrecht & Steinhardt (1982)

Cosmic Inflation

* In atiny fraction of a second, the size of an atomic
nucleus became the size of the Solar System

* |n 10-36 second, space was stretched by at least
a factor of 1026



Stretching Micro to Macro

Quantum fluctuations on
MICroscopic scales
mum fluctuations cease tom

 Become macroscopic, classical fluctuations




Key Predictions of Inflation

* Fluctuations we observe today in CMB and
the matter distribution originate from quantum
fluctuations generated during inflation

scalar
mode

gravitational waves generated during inflation

h .« * Ihere should also be ultra-long-wavelength

tensor
mode




We measure distortions
N space
« A distance between two points in space
di® = a®(t)[1 + 2¢(x,1)][0;; + hi;(x,t)]da" da’
e {: “curvature perturbation” (scalar mode)
* Perturbation to the determinant of the spatial metric

* Ny “gravitational waves” (tensor mode)

e Perturbation that does not change the determinant (area)

Zh@-i:o



Helsenberg's
Uncertainty Principle

* [Energy you can borrow] x [Time you borrow]| =
constant

* Suppose that the distance between two points
increases in proportion to a(t) [which is called the
scale factor] by the expansion of the universe

* Define the “expansion rate of the universe” as

= g [ This has units of 1/time]



Fluctuations are
oroportional to H

|[Energy you can borrow] x [ Time you borrow| =
constant
= g [ This has units of 1/time]

Then,

Inflation occurs in 10-36 second - this is such a short
period of time that you can borrow a lot of energy!
H during inflation in energy units is 1014 GeV
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Amplitude of Waves [uK?]

Long Wavelength Short Wavelength

§ WMAP 9-Year Only [2013]:
i Ns=0.972+0.013 (68%CL)
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Angular scale
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WMAP Collaboration [2013] -

South Pole Telescope
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Angular scale
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Residual Amplitude of Waves [pK?]
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Residual Amplitude of Waves [pK?]
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Predicted in 1981.
We discovered it finally in 2013

e|nflation must end

*Inflation predicts n_~1, but not exactly
equal to 1. Usually n_<1 Is expected

‘The discovery of n_<1 has been the
dream of cosmologists since 1992,

when the CMB anisotropy was first L Deree o
discovered and n_~1 (to within 30%) _Slava Mukhanov (LMU)

C S said in his 1981 paper that
was indicatea Ns should be less than 1

.y He was awarded
b i \ax Planck Medal in 2015




How do we kKnow that
orimordial fluctuations were of
quantum mechanical origin’



0.1

0.01

0.001

Fraction of the Number of Pixels

).0001

iavmg Those Temperatures

1e-05

Quan
Ga

oxp(-X**2/2)/Sqri(2* pi)  e—

tum Fluctuations give a

ussian distribution of
femperatures.

DO we see this

in the WMAP data”

4

-3

-2

-1 0 1 2 3 -}

[Values of Temperatures in the Sky Minus 2.725 K] / [Root Mean Square]




0.1

0.01

0001 " Histogram: WMAP Data
Red Line: Gaussian

Fraction of the Number of Pixels

).0001

iavmg Those Temperatures

YES!!

1e-05

-4 -3 -2 -1 0 1 2 3 4
[Values of Temperatures in the Sky Minus 2.725 K] / [Root Mean Square]



* The WMA

fempe
(Gauss

Non-Gaussianity:

A Powerful Test of Quantum Fluctuations

rature fluctuatior

dl
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CMB Research:
Next Frontier

Primordial
Gravitational Waves

Extraordinary claims require extraordinary evidence.
The same quantum fluctuations could also generate
gravitational waves, and we wish to find them



Measuring GW

 GW changes the distances between two points
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| |GO detected GW from binary
blackholes, with the wavelength
of thousands of kilometres

But, the primordial GW affecting
the CMB has a wavelength of
billions of light-years!! How

do we find it?



Detecting GW by CMB

|sotropic electro-magnetic fields



Detecting GW by CMB

GW propagating In isotropic electro-magnetic fields
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Detecting GW by CMB

Space is stretched => Wavelength of light is also stretched
.
@




Detecting GW by CMB

Polarisation
Space is stretched => Wavelength of light is also stretched
.
o
hot ¢
.
electron &

3




Detecting GW by CMB
Polarisation

Space is stretched => Wavelength of light is also stretched










March 17, 2014

BICEP2’s announcement



CENTER FOR ASTROPHYSICS

Research Education & Outreach

First Direct Evidence of Cosmic Inflation

Release No.: 2014-05
For Release: Monday, March 17, 2014 - 10:45am
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Cambridge, MA - Almost 14 billion years ago, the universe we inhabit burst into existence in an extraordinary event
that initiated the Big Bang. In the first fleeting fraction of a second, the universe expanded exponentially, stretching
far beyond the view of our best telescopes. All this, of course, was just theory.
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January 30, 2015

Joint Analysis of BICEP2 data and Planck data
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Current Situation
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 No strong evidence that the detected signal
IS cosmological

We Can Do It!

The search continues!!
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summary

e [eft my country to study the beginning of the Universe
using physics and state-of-the-art data

e With the WMAP team [2001-2013], we:
* Determined the age and composition of the Universe

e Found strong evidence for the quantum origin of
cosmic structures

 Now hoping to find decisive evidence for inflation by
measuring primordial gravitational waves

* The wavelength of billions of light years!



f polarisation from GW
'S found...

e Then what?

* The next step is to nail the specific model of
inflation



lensor-to-scalar Ratio

(hijh™)

(¢%)

* We really want to find this quantity!
The current upper bound:

A



Tensor—to—Scalar Ratio (r)

WMAP Collaboration
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