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Cosmology: The Questions

® How much do we understand our Universe?
® How old is it!
® How big is it!
® What shape does it take?
® What is it made of?

® How did it begin?



The Breakthrough

® Now we can observe the physical condition of the
Universe when it was very young.



Cosmic Microwave Background

(CMB)

® Fossil light of the Big Bang!






How was CMB created!?

® VWhen the Universe was hot, it was a hot soup made of:
® Protons, electrons, and helium nuclei
® Photons and neutrinos
® Dark matter (DM)

® DM does not do much, except for providing a a
gravitational potential because ppm/PH,He~5



Universe as a hot soup

® Free electrons can
scatter photons
efficiently.

® Photons cannot go
very far.

.3 f’z"
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Recombination and Decoupling

’ a eraofams @& o Q2 ® [recombination] VWhen
>oe ot w T v 5 [I500K  the temperature falls
 #i . below 3000 K, almost
all electrons are
captured by protons
and helium nuclei.

Time_,

[decoupling] Photons
are no longer scattered.
l.e., photons and

electrons are no longer
coupled.
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& proton i helium [ electron === photon



CMB: The Farthest and Oldest Light That We Can

Ever Hope To Observe Directly

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion

I<

13.7 billion years

*\When the Universe was 3000K (~380,000 years after the Big Bang),

electrons and protons were combined to form neutral hydrogen.
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NASA/WMAP Science Team






Smoot et al. (1992)

COBE/DMR 1992

-Isotroplc‘7

*CMB is anisotropic! (at the 1/100,000

—-100 K i +100 uK level) h




WMAP Spacecraft

Radiative Cooling: No Cryogenic System

upper omni antenna

back to back
Gregorian optics,
1.4 x 1.6 m primaries

/ &\ passive thermal radiator
oy SN

line of sight

60K

focal plane assembly
feed horns

secondary

90K V™ /ol reflectors

thermally isolated
iInstrument cylinder

300K

warm spacecraft with: _ |
- instrument electronics medium gain antennae

- attitude control/propulsion

- command/data handling deployed solar array w/ web shielding
- battery and power control
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COBE to WMAP (x35 better resolution)
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http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://map.gsfc.nasa.gov/m_ig/990293/990293.html

used to be

VWMAP at Lagrange 2 (L2) Point

June 2001:
WMAP launched!

February 2003:
The first-year data release

March 2006:
The three-year data release

March 2008:
The five-year data release

January 2010:
The seven-year data release

September 8, 2010: December 21, 201 2:
WMAP left L2 The final, nine-year data release
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WMAP 9-Year Papers

® Bennett et al.," "Final Maps and Results,” Ap)S, 208, 20

® Hinshaw et al.,"Cosmological Parameter Results,” Ap]S, 208, |9
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33 GHz [unpolarized]
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94 GHz [unpolarized]
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How many components!

| .cMB:T,~V°

2.Synchrotron (electrons going around magnetic fields):

Tv~V_3

3.Free-free (electrons colliding with protons): Ty~V~2

4.Dust (heated dust emitting thermal emission): Ty~V?

5.Spinning dust (rapidly rotating tiny dust grains):
Ty~complicated

You need at least five frequencies to separate them!
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Analysis:
2-point Correlation

+C(0)=(1/411)5 (21+1)C\Pi(cos8)

How are temperatures on two points
on the sky, separated by 0, are
correlated?

*“Power Spectrum,” C,

— How much fluctuation power do
we have at a given angular scale?

— |~180 degrees / 6
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COBE To WMAP
imes better than COBE.

structures below ~7 degrees
*\What did WMAP see”?

*WMAP's resolving power is 35
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http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg

Angular Power Spectrum

WMAP 9-year Power Spectrum
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~_T'he Cosmic Sound VVave

TT

10 100

500 1000
Multipole moment [

® “The Universe as a Miso soup”™
® Main Ingredients: protons, helium nuclei, electrons, photons

® Ve measure the composition of the Universe by
analyzing the wave form of the cosmic sound waves.
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CMB to Baryon & Dark Matter

6000

atter Density ((Qm)
=Baryon+Dark Matter

10 100 500 1000
Multipole moment [

® |-to-2: baryon-to-photon ratio

29
® |-to-3: matter-to-radiation ratio



With CMB, we can measure:

® Amount of protons and helium nuclei; or anything that
can interact with photons

® Amount of dark matter; or anything that can
contribute to gravitational potential

...at the time when the universe was at 3000 K.

No matter is left behind!
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Total Matter Density from z=1090
Total Energy Density from the Distance to z=1090

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.
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Parameter Nine-year

F'it parameters

Oy h? 0.02264 4 0.00050  H&He: 4.6%
Qch? 0.1138 & 0.0045 Dark Matter:23.3%
N 0.721 £ 0.025 Dark Energy: 72.1%
10°A%, 2.41 £ 0.10
Ns 0.972 +0.013
T 0.089 4+ 0.014

Derived parameters
to (Gyr) 13.74 £0.11 Age: 1 3.7 billion years
Ho (km/s/Mpc) 70.0 = 2.2 Ho: 70 km/s/Mpc
o8 0.821 4+ 0.023
(2 0.0463 == 0.0024
() 0.233 4+ 0.023

Zreion 10.6 = 1.1 %



Composition of the Univ.

72% of the present-day energy

density in our Universe is
NOT EVEN MATTER!










Origin of Fluctuations

OK, back to the cosmic hot soup.

The sound waves were created when we perturbed it.
“We”! Who?
Who actually perturbed the cosmic soup?

Who generated the original (seed) ripples?

36



Theory of the Very Early Universe

® T[he leading theoretical idea about the primordial Universe,

called “Cosmic Inflation,” predicts:

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

® The expansion of our Universe in a tiny
fraction of a second after its birth.

® |ust like Dark Energy accelerating today’s expansion: the
acceleration also happened at very, very early times!

® |nflation stretches ‘“micro to macro’

® |n a tiny fraction of a second, the size of an atomic nucleus
(~10-""m) would be stretched to | A.U.(~10''m), at least,



Cosmic Inflation = Very Early Dark

Afterglow Light
Pattern
400,000 yrs.
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NASA/WMAP Science Team



Angular Power Spectrum

WMAP 9-year Power Spectrum
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Gettlng rid of the Sound Waves

6000
Large Scale Small Scale

S 5000 |
g ¢ z
S 3, 4000 -
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: 8 oot Primordial Ripples:
L O - :
L T~ 2000 -
S 1000}

o F

10 100 500 1000 1500
Multipole moment [

40



The Early Universe Could Have Done This Instead

6000 T

Large Scale Small Scale
5000 -

N
)
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o

More Power on Large Scales

Angular Power Spectrum
[(I+1)C," /27 [uK?]
S
S

1000 : {

'

10 100 500 1000 1500
Multipole moment [
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Angular Power Spectrum

[(I+1)C," /27 [uK?]

...or, This.

Large Scale

Small Scale

- More Power on Small Scales:

'~

10 100 500
Multipole moment [

1000

1500
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Angular Power Spectrum
[(I+1)C," /27 [uK?]
S
S

...or, This.

Large Scale Small Scale

Parametrization:

(I+1)Cy ~ Ins~

'~ And, inflation predicts ns~|

'~

10

100 500 1000
Multipole moment [

1500
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Theory Says...

® The leading theoretical idea about the primordial Universe,
called “Cosmic Inflation,” predicts:

® The expansion of our Universe in a tiny
fraction of a second after its birth.

® the primordial ripples were created by quantum
fluctuations during inflation, and

® how the power is distributed over the scales is
determined by the expansion history during cosmic

inflation. T

® Measurement of ns gives us this remarkable information!
44



Stretching Micro to Macro

Macroscopic size at which gravity becomes important
-

AWV

o

Quantum fluctuations on microscopic scales

‘ INFLATION!

/ \

S(P 45

Quantum fluctuations cease to be quantum, and become observable!



Quantum Fluctuations

Heisenberg's Uncertainty Principle

® You may borrow a lot of energy from vacuum if you
promise to return it to the vacuum immediately.

® The amount of energy you can borrow is inversely

proportional to the time for which you borrow the
energy from the vacuum.

46



Mukhanov & Chibisov (198 1); Guth & Pi (1982); Starobinsky (1982); Hawking (1982);
Bardeen, Turner & Steinhardt (1983)

(Scalar) Quantum Fluctuations

0 = (Expansion Rate)/(21T) [in natural units]

® Why is this relevant?

® The cosmic inflation (probably) happened when the
Universe was a tiny fraction of second old.

® Something like 10-3¢ second old
® (Expansion Rate) ~ |/(Time)
® which is a big number! (~10'?GeV)

® Quantum fluctuations were important during inflation! 47



Inflation Offers a Magnifier
for Microscopic World

® Using the power spectrum of primordial fluctuations imprinted
in CMB, we can observe the quantum phenomena at the
ultra high-energy scales that would never be reached by
the particle accelerator.

® Measured value (WMAP 9-year data only):
ns=0.972 £ 0.013 (687%CL)

48
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[(I+1)C /21 (uK?)

Residual

6000 —
5000 |
4000 |
3000 |
2000 |

1000

40
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Planck Result!

Planck (2013)
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[(I+1)C /2 (uK?)

Residual

6000 —

/\ ne = 0.960 + 0.007 (68%CL)

4000 F

5000

3000 }
2000 }
1000 F

80 F =
40

-40 E
-80 El |

Planck (2013)
Planck Result!

\ First >50 discovery of ns<l|
l from the CMB alone




Starobinsky (1979)

(Tensor) Quantum Fluctuations,
a.lk.a. Gravitational VWaves

h = (Expansion Rate)/(2"?1TtMpjanck) [in natural units]

[h ="strain™]

® Quantum fluctuations also generate ripples in space-
time, i.e., gravitational waves, by the same mechanism.

® Primordial gravitational waves generate temperature
anisotropy in CMB.
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Gravitational waves are coming
toward you...VWhat do you do!

L ®
¢ ®
® ®
¢ ®
¥ @
¢ ®
¢ ¢
O o ©

® Gravitational waves stretch
space, causing particles to move.
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Two Polarization States of GW

® [his is great - this will automatically
generate quadrupolar anisotropy around
electrons!

55



From GW to
temperature anisotropy

Electron




From GW to
temperature anisotropy

Redshift
.
¢
@ ®
.

Pl Blueshift s
ll Blueshift

Redshift
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“Tensor-to-scalar Ratio,’ r

r = [Power in Gravitational VWaves]

/| [Power in Gravitational Potential]

Inflation predicts r <~ |

58



—
N

~ N= 50 60
o At o | @
'-C—?S 0.3 F~_ m2p? o | O
o o 3¢ o | O
E S o R2 Inflation @ @
e N

© : N Hz W
S 0.2 . N WMAR?9

| . +ACT+SPT

S

= 01F WMAPY T

D +ACT+SP

® +BAO
|_

0.94 0.96 0.98 1.00 1.02
Primordial Tilt (ny)

59



—
N

WMAP 9-year results

- | N= 50 60
= (Hinshaw, Larson, Komatsu, et al. 2012)
o Nt o | @
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Has inflation happened?

® [f anyone asks you this question, your answer must
always be:

® “We don’t know yet.’

® Decisive evidence should come from polarization of
CMB.
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CMB Polarization

Rl
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Temperatura Polanzation Temperatura Polarization
HOT SPOT COLD SPOT

® CMB is (very weakly) polarized! -



“Stokes Parameters’”
N

Q<0,U=0

Q=0,U<0

Q>0,U=0
East

Q=0,U>0
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23 GHz [polarized]
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23 GHz [polarized]

Stokes Q e Stokes U
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33 GHz |[polarized]

Stokes Q Stokes U
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41 GHz [polarized]

Stokes Q Stokes U
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61 GHz [polarized]

Stokes Q Stokes U
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94 GHz [polarized]

Stokes Q Stokes U
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How many components!

 |.cMB:T~V0

j 2.Synchrotron (electrons going around magnetic fields):

Tv~V_3
3. SSEHIAHSEISLS o‘.i‘:vv‘i‘i OT :-FV°‘V_2

J 4.Dust (heated dust emitting thermal emission): Ty~V?
5. o] Mo du ~ADTAY rotatine-tmy—dus i‘:‘

Ty~compticated—

You need at least THREE frequencies to separate them!
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Physics of CMB Polarization

Quadrupole
Anisotropy
Isotropy
Y 4
1 ThErmaa Thomson
| > \ , Scattering > Scattering
[Linear
Wayne Hu No Polarization Polarization

® CMB Polarization is created by a local temperature

quadrupole anisotropy.



Stacking Analysis

* Stack polarization
images around
temperature hot and cold
Spots.

* Outside of the Galaxy
mask (not shown), there
are | 1536 hot spots and
| 1752 cold spots.

Temperatura Polanzation Temperatura Polarization

HOT SPOT COLD SPOT



Cold Spot
Simulation

Cold Spot
WMAP Data

Hot Spot
Simulation

Hot Spot
WMAP Data

Temperature Polarization

Radial and Tangential
Polarization Patterns
around Temp. Spots

® All hot and cold spots are stacked

® “Compression phase” at 0=1.2 deg and

“slow-down phase” at 06=0.6 deg are
predicted to be there and we observe
them!

® The /-year overall significance level: 80
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Planck Collaboration | (2013)
Planck Data!
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E-mode and B-mode

N\
S S

® Gravitational potential
can generate the E-
mode polarization, but
not B-modes.

® Gravitational waves
can generate both E-
and B-modes!
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Two Polarization States of GW

® [his is great - this will automatically
generate quadrupolar anisotropy around
electrons!

’r7



From GV to CMB Polarization

Electron




From GV to CMB Polarization
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From GV to CMB Polarization
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Gravitational waves can produce
both E- and B-mode polarization 20
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® No detection of B-mode polarization yet.
B-mode is the next holy grail!



LiteBIRD

® Next-generation polarization-sensitive microwave
experiment. Target launch date: ~2020

® [ ed by Prof. Masashi Hazumi (KEK); a collaboration of ~60
scientists in Japan, USA, Canada, and Germany

® We aim at detecting signatures of gravitational waves in the
cosmic microwave background, down to r~0.00|

AKD RFTHF R
8. B
e/ — LK

SMAHLILE S

82

100mK = eism
ek %! i 5 40 ey, \ 2 RREMRA  ®ICE®R

.‘\
e Ivi g




Summary

WMAP has completed 9 years of observations

We could determine the age, composition, expansion
rate, etc., from CMB

We could even push the boundary farther back in time,
probing the origin of fluctuations in the very early
Universe: inflationary epoch at ultra-high energies

® N,=0.96 discovered with >50

Next Big Thing: Primordial gravitational waves

33



