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Outline

1. CMB History and Key Observations

2. CMB B-mode Polarization as the ¬Holy Grailº

3. Simons Observatory 

4. Synergy with CMB and Gravitational Wave (GW) Observations

5. CMB and Particle Cosmology Today
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¬Cosmologyº by H. Bondi (1952) 

ÂThe multiplicity of existing theoriesṏ

Âṏthe reciprocal of Hubble s constantṏis appreciably 

shorter time than the age of the Earthṏ

ÂThe situation is entirely different in a theory with 

continual creation such as the steady -state theory .

Âṏan observational decision between them should be 

possible.
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Chapter XIV  
THE PRESENT POSITION IN COSMOLOGY

the age of
the Universe

Our universe is steady & eternal
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Discovery of CMB (1965)
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¬Gravitation and Cosmologyº by S. Weinberg (1972) 
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ÂChap.15.  THE STANDARD MODEL

ÂThe Einstein field equations require that the scale factor must 

have been extremely small at some finite time in the past.

ÂAs the universe subsequently expanded , both radiation and 

matter cooled ṏ the free electrons joined atoms,ṏbreaking 

the thermal contact between matter and radiationṏ

ÂIt is widely, though not unanimously, believed, that the 

microwave radiation background discovered in 1965 is just 

this left -over radiation ,ṏ
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Cosmic Microwave Background (CMB)
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https://pages.uoregon.edu/jschombe/cosmo/lectures/lec23.html
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What is ¬expansionº of the universe?

92026/2/4 TIFR Physics Colloquium      "Fundamental Physics with CMB Observations"      Masashi Hazumi (KEK and NCU)



What is ¬expansionº of the universe?

102026/2/4 TIFR Physics Colloquium      "Fundamental Physics with CMB Observations"      Masashi Hazumi (KEK and NCU)



What is ¬expansionº of the universe?

112026/2/4 TIFR Physics Colloquium      "Fundamental Physics with CMB Observations"      Masashi Hazumi (KEK and NCU)



The space itself is expanding!
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What do we know about
time evolution of   ? a

The scale factor of our universe, a,

is expanding. a
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Friedmann equation
ÅEinstein equation gives time evolution of metric 

gmnfrom the first principles of general relativity.

ÅImposing ¬Cosmological principleº: no special 
place in the universe 
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Local energy density of
matter and radiation 

Friedmann Eq. for
flat universe

In particular, Expanding universe !
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(One of) Limitations of the naïve Big Bang Theory: 

The Horizon Problem
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Too far apart to exchange information in the past.
Why is the temperature (intensity) of the CMB the same?

T=2.725 °0.002 K
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Inflation hypothesis (~1981)

15

Accelerating expansion

before the hot big bang

Typically, 100000000000000000000000000 times in
0.0000000000000000000000000000000000001 second!

ὥ π

Resolve outstanding problems
of the naïve big bang model

ÅHorizon problem

ÅFlatness problem

ÅStructure formation

ÅCosmological principle derived 

Katsuhiko Sato

Alan Guth

Andrei Linde

Alexei Starobinsky
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Yet another Friedmann equation
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Pressure

>0 for matter and radiation

With known matter and radiation, 

our universe should always be decelerating

Ą Inflation requires physics beyond the

standard model (SM) of particle physics.
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Prediction of a New Particle ¬Inflatonº
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Scalar particles with the wave function fand 
the potential V(f) that filled the primordial Universe
for a very short time

Inflaton is the ¬gas pedalº of the Universe

Negative pressure
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Quantum fluctuation 

is the origin of our existence!
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1990s: COBE Satellite s two great discoveries
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160GHz

2.725 °0.002 K
(1999)

Perfect black body!
(Planck distribution)

Beautifully agree
with the prediction
of Big Bang + Particle Physics

COBE

Mather Smoot

Nobel
(2006)

(1) O(10) mK
ripples discovered

Ą indication of cosmic inflation!

(2) Perfect black body!

2026/2/4 TIFR Physics Colloquium      "Fundamental Physics with CMB Observations"      Masashi Hazumi (KEK and NCU)



CMB Satellite in 21 st Century (1):  WMAP

ÅLaunch in 2001
ÅObservations completed in August 2010

Observations were carried out at the Sun -Earth Lagrangian point (L2),
which is 1.5 million kilometers (!) away from the Earth.
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CMB Satellite in 21 st Century (2):  Planck
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Primary mirror

Baffle

Solar panels

Radiators

He tank

Service
module

Secondary
mirror (unseen)

Detectors
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Spectral analysis
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Concordance Model of Cosmology ( LCDM)
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ÂGeneral relativity + cosmological principle

ÂPhysical existence of space is expressed by the scale factor ¬ǂǺƁalone

ÂFriedmann equation for the time evolution of flat universe

Â Initial adiabatic, Gaussian perturbation (consistent with inflation hypothesis)

ÂOnly six parameters are needed to fit the current set of precision data!

ÅO(%) precision!

ÅOther parameters

(e.g. WL, age of universe ) 

are derived from these 6 

parameters.

Planck
2018
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http://map.gsfc.nasa.gov/resources/camb_tool/cmb_plot.swf

Fit with the
concordance model in cosmology

Fit with the
standard model of particle physics
(i.e. without dark matter, dark energy)

Dark Energy

70%

Dark Matter

25%

Ordinary Matter
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In a pub in Oxford

should 
be 70%
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CMB@60 symposium (May 28 -30, 2025, Turin)
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Web     https://cmb-at-60.eu

YouTube videos.    https://cmb-at-60.eu/program/
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First observation of CMB 
polarization in 2002 (DASI)

CMB polarization is young! 
(CMBpol@24 this year)



CMB Polarization Map
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Planck 2018
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E-mode and B -mode

Polarization map is decomposed into E -mode and B -mode. 

Divergence, 
even parity

Curl,
odd parity

E-mode B-mode
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Testing cosmic inflation and quantum gravity with
polarization of cosmic microwave background (CMB)
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Cosmic age 10-36sec? 380000yr 13.8Gyr

In
fla

tio
n R
e

c
o

m
b

i-

n
a

tio
n

D
a
rk

 A
g

e
s

Beginning of 
our universe

R
e

io
n
iz

a
tio

n

G
a

la
x
y

fo
rm

a
tio

n

H
o

t 

B
ig

 B
a

n
g

CMB
Primordial
gravitational waves

First stars
Foregrounds

CMB B -mode :
curl patterns as
¬fingerprintsº
of inflation 

By far, the most sensitive probe of the primordial gravitational waves!

U. Seljak and M. Zaldarriaga , Phys. Rev. Lett. 78, 2054 (1997)
M. Kamionkowski , A. Kosowsky, and A. Stebbins, Phys. Rev. Lett. 78, 2058 (1997)
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B-mode is a smoking -gun signal of primordial gravitational waves
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Inflation creates scalar (S) and tensor (T) perturbations.

B-modeE-mode

(S)

Quantum fluctuation
of inflatons

(T)

Quantum fluctuation of the metric
Ą Primordial classical gravitational

waves from quantum origin
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Big leap from
LIGO to CMB B -mode

34

within 
Einstein s theory
of general relativity

beyond Einstein

The 2017
Nobel Prize
in Physics

ü LIGO: gravitational waves with classical origin
ü CMB B-mode: gravitational waves with quantum origin
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Huge discovery impacts of primordial gravitational waves
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ÅDirect evidence for inflation

ÅKnowledge on the inflation energy scale

ÅFirst evidence for quantum fluctuation of space - time

ǬƥǆǕǆǄǕǊǏǈƁǑǓǊǎǐǓǅǊǂǍƁǈǓǂǗǊǕǂǕǊǐǏǂǍƁǘǂǗǆǔƁ
would be one of the most significant 
ǔǄǊǆǏǕǊǇǊǄƁǅǊǔǄǐǗǆǓǊǆǔƁǐǇƁǂǍǍƁǕǊǎǆƏǺ

Final report of the task force on cosmic microwave background 
research ¬Weiss committee reportº July 11, 2005, arXiv /0604101

Insight on quantum gravity, including String Theory
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Physics of cosmic inflation: How far shall we go?
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ü In case of single - field slow -roll inflation 

(simplicity as the guideline),

r (tensor - to -scalar ratio) is a key parameter,
because the B-mode power is proportional to r.

R2 òStarobinskyò model

Df: characteristic scale of inflaton field 

in which inflaton potential changes 

significantly. (A. Linde JCAP 2017)

Measurements with s(r)< 0.001 would test the most important class of inflationary models, 

i.e. , single - field slow -roll models with Dfexceeding the Planck scale, which would

constitute a milestone in cosmology.
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CMB
Polarization

Projects
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South Pole

Atacama, Chile

Balloon

Simons 
Observatory

Space

POLARBEAR Ą Simons Array

Ground
ACTPol
Ą Advanced ACTPol

LiteBIRDEBEX 

LSPE

PIPER

SPIDER

Teine (Canary Islands) Alto Chorillo (Argentina)    Tibet
QUIJOTE.              GroundBIRD STRIP            QUBIC AliCPT

CLASS

SPTPol
Ą SPT-3G

South Pole
Observatory
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B-mode power spectra (theory)
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Recombination
Reionization

Primordial B -mode

Foregrounds
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CMB B -mode search
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2014201520162017

Y. Chinone
(KEK)
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POLARBEAR as an example
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Å Dedicated CMB polarization experiment

Å Located at 5200 meters in Atacama, Chile

Å First light Jan. 2012, expanded to Simons Array from 2018

Å Powerful TES array with 3.5arcmin beam for 150GHz
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