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- Cosmol ogy®°® by H. Bo

Chapter XIV

THE PRESENT POSITION IN COSMOLOGY
the age of

AThe multiplicity o}g%‘eanigefs?r

COSMOLOGY

AOGthe reciprocal ofo6Hsbapper e

shorter time than the age c

' A The situation is entirely different in a theory with

continual creation such as the steady -state theory .

. A 0 a nobservational decision _between them should be

possible. _ _
Our universe Is steady & eternal

L
5
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Discovery of CMB (1965)

THE COSMIC MICROWAVE BACKGROUND
RADIATION

Nobel Lecture, 8 December, 1978

\C
]IDQYOBERT W. WILSON Se\‘end‘p:)\z & CO“\'.\‘O‘

Bell Laboratories \‘a
Holmdel, N.J. U.S.A. - C f“sbvs\'.e atics
sine on o Total C.L. 7.32 £ 0.3
BACK LOBE WAVEGUIDE
Tﬁtig‘%ipk D+§EST285K:KNO|SE b m@n& ™ 1
/ -2 Atmosphere 2.3 £ 0,3
| Toure 58,500° < Wavegulde and
- T aasee Antenna loss 1.8 * 0.3
[ Norse Back lobes 1+ 0.1
Total Ant. 4,2 + 0.7
, Background 3.1+ 1
Gm = 35dD
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- Gravitation and Cosmol ogy®°® b

A Chap.15. THE STANDARD MODEL
e A The Einstein field equations require that the scale factor must
l | have been extremely small at some finite time in the past.

| GRAVIEIONGY A As the universe subsequently  expanded , both radiation and

| AND APPLICATIONS OF |
| PRING GENERAL THEORY OF Y
i RELATIVITY 1

STEVEN WEINBERG

matter cooled 0 the free el ectr

t he t her mal contact bet ween mat

A It is widely, though not unanimously, believed, that the

s microwave radiation background discovered in 1965 is just

this left -over radiation , ©

——————
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Cosmic Microwave Background (CMB)

hydrogen plasma atomic hydrogen

https://pages.uoregon.edu/jschombe/cosmo/lectures/lec23.html
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The space itself Is expanding!

The scale factor of our universe, a,

IS expanding. a

What do we know about
time evolutionof ? A
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Friedmann equation

A Einstein equation gives time evolution of metric
d.,from the first principles of general relativity.

Al mposing -Cosmol ogi cal pr

place in the universe /-1 0 0 0\

B 0 a%(t) O 0

I =1 "0 0 a2 0
\ 0 0 0 a2 )

YN 2
Friedmann Eq. for 2 _ 8rG Local energy density of

flat universe a 3 pP— matter and radiation

In particular, (], > O Expanding universe !

S
I ——
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(One of) Limitations of the naive Big Bang Theory:

The Horizon Problem

1T=2.725 °0.002 K

Too far apart to exchange information in the past.
Why is the temperature (intensity) of the CMB the same?
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Inflation hypothesis (~1981)

Accelerating expansion

before the hot big bang

(D , I Alan Guth  Alexei Starobinsky

Typically, 100000000000000000000000000 times in , ZY‘-?
0.0000000000000000000000000000000000001 second! Cra |

— A Horizon problem

Resolve outstanding problems A Flatness problem
of the naive big bang model A Structure formation

__ A Cosmological principle derived

e ————
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Yet another Friedmann equation

Pressure

e }

a < 0

5

p + 3p)

>0 for matter and radiation

With known matter and radiation,
our universe should always be decelerating

A Inflation requires physics beyond the

standard model (SM) of particle physics.

e
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Predi cti on of a New

Scalar particles with the wave function f and
the potential V() that filled the primordial Universe

for a very short time

Negative pressure $2
262 ( )
Il nfl aton I s the -~gas pedal

e
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Quantum fluctuation

IS the origin of our existence!
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1990s: COBE Sat el Iitg S t

mma nobel | (1) O(10) nK
ripples discovered
A indication of casmic inflation!

)

Mather Smbot

Deployable Sun, Earth,
RF/Thermal Shield

ntennas

 / B (2) Perfect black body!

< L] =

1.2
¢l

Helium Dewar

| @

.,  Perfect black body!
‘ 160GHz ™. (Planck distribution)
ra H 2.725 °0.002 K
/ Beautifully agree T (1999)
with the prediction
of Big Bang + Particle Physics

>
R s k 2 18 12 14 16
3 "’3_-‘;.. N | Freguency (cyclesscentimeter]d
TR S \‘\i—
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CMB Satellite in 21 st Century (1): WMAP

Observations were carried out at the Sun -Earth Lagrangian point (L2),
which is 1.5 million kilometers (!) away from the Earth.

I

L4

L3 L2

LS

—

A Launch in 2001
A Observations completed in August 2010

Y
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CMB Satellite in 21 st Century (2): Planck

Detectors

) 'l/ [ 4
e 2

Secondary
mirror (unseegn)

Radiators

\: L~ He tank
& T~ Solar panels

e —
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Spectral analysis

2026/2/4

e

TIFR Physics Colloquium  "Fundamental Physics with CMB Observations"

Masashi Hazumi (KEK and NCU)

22



Concordance Model of Cosmology ( L CDM)

A General relativity + cosmological principle
APhysical exi stence of space i s+/ABuer
A Friedmann equation for the  time evolution of flat universe

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

A Only six parameters are needed to fit the current set of precision datal!

e A O(%) precision!
Planck Parameter Planck alone Planck + BAO O( 0) PICSSS

2018 5 0.02237+0.00015  0.02242 +0.00014 [RANKOIICIMIEIEINIEIEES

0.1200 £ 0.0012  0.11933 + 0.00091 " -
1.04092 + 0.00031  1.04101 + 0.00029 (e.0. , age of universe )

0.0544 + 0.0073 0.0561 + 0.0071
3.044 £ 0.014 3.047+£0.014

are derived from these 6
0.9649 + 0.0042 0.9665 + 0.0038 parameters_
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Fit with the

WMAP CMB Analyzer _ _
P standard model of particle physics

m - L]
- (i.e. without dark matter, dark energy)
T
2 Fit with the
e i
g . concordance model in cosmology
[T
g o )
2 Ordinary Matter
1000 __
Universe Content «““ G ™
" 2 05 02 i j: /,"
” | | e Angle across the sky (deg) '
Age: 9.1 billion years Flatness: 1.00
II I i F 0% Power Spectrum Plot: This plot shows how temperature
varies with the angular size of patches on the sky. This reveals
the energy emitted by different size ripples of sound traveling
P ' ' = 0% through the early universe.
Additional Properties . = analyzed sky / universe signal.
Hubble Constant = = your simulated sky / universe signal.
; | | I | 73 + Black points with error bars ="binned (grouped) data to
analyze data accuracy.
Reionization redshift = Light blue area = likelihood of results being caused by
(R I | 11 random chance- only a concern at large scale (left). ) Fard 30 7Y ' :
Spectral Index -‘ 1 /,~ BT R ‘\
| | | i  0.95 70% J\ cails i e
DRIG5> Ny a3 ZZ50N
| NG T e e s
s \J&.‘! = Y a3 | &g
http://map.gsfc.nasa.gov/resources/camb_tool/cmb_plot.swf AgRART)

——————
2026/2/4 TIFR Physics Colloquium  "Fundamental Physics with CMB Observations"  Masashi Hazumi (KEK and NCU) 25



. ¥ I ! -

‘ R | it 'z‘:i':‘
i \ ) It .* :
Fl” &) »\ / "
! ’ .“ : Y [ -\ > N, y ¥ s \

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

L .\. J In a pul? In Oxford | 3k '" |

pAS



Outline

1. CMB History and Key Observations

2. CMBB-mode Pol ari zation as the =-Ho
3. Simons Observatory

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

5. CMB and Particle Cosmology Today

e
2026/2/4 TIFR Physics Colloquium  "Fundamental Physics with CMB Observations”  Masashi Hazumi (KEK and NCU) 27



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

28



CI\/IB@BO Symosmm (May 28 30 2025, Turin)

LTI AT ::,119 i - e
First observatlon of CMB = Web https//cmb at-60.eu

polarization in 2002 (DASI) Ry S | I e T INRENPL A | [V
| (TP https.//cmb-at-60.eu/program/

il
T =

CMB polarization is young!

(CMBpoI@24 thls year)
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CMB Polarization Map
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E- mode and B

Divergence,
even parity

Polarization map Is decomposed into E

-mode

odd parity

-mode and B -mode.

 —————
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Testing cosmic inflation and quantum gravity with
polarization  of cosmic microwave background (CMB)

U. Seljak and M. Zaldarriaga , Phys. Rev. Lett. 78, 2054 (1997)
M. Kamionkowski , A. Kosowsky, and A. Stebbins, Phys. Rev. Lett. 78, 2058 (1997)

Prlm_orqlal " First stars - | For.eground-s e
gravitational waves D —C 7 N
‘ Yo \ Sl

R
=5 ey
y Y >
3 - v ‘\'_-:
¥ N

CMB B -mode
curl patterns  as

_______
‘‘‘‘‘‘‘‘

UONR|JUI sl
774

-+ 29 ~fingerpr
53 S of inflation
Cosmic age 10-3%sec? 380000yr 13.8Gyr

By far, the most sensitive probe of the primordial gravitational waves!
 ——————
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B-mode is a smoking  -gun signal of primordial gravitational waves

Inflation creates scalar (S) and tensor (T) perturbations.

Quantum fluctuation Quantum fluctuation of the metric
of inflatons A Primordial classical gravitational
waves from quantum origin
S (T)

¥ |

_\| |/_
/7 -/ N\ -\

N/ /N

el |
/|\ ./ |\ /I

2026/2/4
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Big leap from
LIGO to CMB B -mode

within " ‘

Einstein s bfey(?meryinstein

g Of general relativity

The 2017 g’j\

Nobel Prize

In Physics

U LIGO: gravitational waves with classical origin
U CMB B-mode: gravitational waves with quantum origin

2026/2/4
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Huge discovery impacts of primordial gravitational waves

A Direct evidence for inflation
A Knowledge on the inflation energy scale
A First evidence for quantum fluctuation of space -time

=

Insight on quantum gravity, including String Theory

Op dzZUdZ2DAINJ L BOUNAT UDNK* ABLjU* C
would be one of the most significant
U DANHZI UNLINDZB DN D2 U dzU NI

Final report of the task force on cosmic microwave background
research -Weilss committ e earXived0p0s101 °
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Physics of cosmic inflation: How far shaII we go?

U Incase of single-field slow -roll inflation

(simplicity as the guideline), R dStarobinskyd. mo
r \1/4 —
VI =1.04x 10" x (oo5)  [GeV]

Slow-Roll Phase : ~fp RZ2> aR

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

60) ( Agb ) 2/ | D f characteristic scale of inflaton field

N In which inflaton potential changes

r~2x103(
significantly. (A. Linde JCAP 2017)

mpg

Measurements with s ) <0.001 would test the most important class of inflationary models,
l.e., single -field slow -roll models with D fexceeding the Planck scale, which would

constitute a milestone in cosmology.

DEEE———
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ACTPol
A Advanced ACTPol

Atacama, Chile

= e 5

¢ Simons
1 Observatory

e T
POLARBEARA Si

mons Array

SPTPl 3o DASI South Pole

A SPT‘ 3G = Z.Jiv_, EP2Z m;:lA?_ Observatory - 'é

T * ¥'south Pole
i f‘""‘. " [F"\—f 7 BICEP Array
—t .y - 2

oy

/ ’
f-E RNy, {
4- | - (3
=) )
© 2011 Inav/Geosistemas SRL
—— 0 201 LInoy/Qoosstamat SR o e o o mm mm mm e e mm =

Teine (Canary Islands) Alto Chorillo (Argentina) Tibet
{ QUIJOTE. GroundBIRD STRIP \ QUBIC AliCPT
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B- mode power spectra (theory)

Lensing B-mode - 2ndary B-mode by Weak lensing

E-modes

B-modes at
sub-deg. scale

50 60 70 100 2 300 400

synch+Dust at 100GHz
outside POB
5  WACATA .ﬁ.-r_

Ll O 'l‘h'.p'-ul .

Foregrounds ° T

T T T "
SO .'-ﬂ'-"':;“'ll'.-tr_-l....:n e Dust
-
)
."‘

o Ey

.

T

0 iReionization -~ kecombination

&
MJJ&“LH&.IJJ.L.L:L_LH..LEAH. -

Primordial B -mode
1) 100
Multipole, |
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CMB B -mode search

DASI QUIET-Q

CBI QUIET-W
MAXIPOL BICEP1-3yr
BOOMERanG —w— ACTPol
CAPMAP BK14
WMAP-9yr SPTpol
QUaD —w— POLARBEAR

Y. Chinone

100
(KEK) Multipole Moment, £
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POLARBEAR as an example

A Dedicated CMB polarization experiment

A Located at 5200 meters in Atacama, Chile

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

A Powerful TES array with 3.5arcmin beam for 150GHz

2026/2/4
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