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Cosmic Microwave Background (CMB)

Origin of CMB

wavelength [mm]

@ universe initially in a hot 2 1 0.87 0.5
dense state. cools as L ' ' l ’_
expands. FIRAS data with 4000 errorbars

2.725 K Blackbody

@ Photons and baryons @ a00f -
decouple approximately 3
380,000 years after Big 2 200} -
Bang. ;_%

E

@ Photon background visible L 7
as the Cosmic Microwave
Background (CMB) h pr =5 iS5

@ Temperature is isotropic to Tooguesiny [0He]
few part. Absolute temperature of CMB =2.7255 K
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Cosmic Microwave Background (CMB)

@ COBE:Cosmic Background
Explorer[1989-1993]
Measured absolute
temperature
First full sky spectrum of
anisotropies.

e WMAP Wilkinson
Microwave Anisotropy
Probe [2001-2010]
Only anisotropies, not
temperature.

@ Planck [2009-2013] only
anisotropies, not
temperature.
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Cosmic Microwave Background (CMB) Temperature anisotropy

Temperature anisotropy

Quantum fluctuations in field of inflation:

@ Scalar perturbation:
spatial variations in the baryon density (dominant effect, seeds of structure
we see today)

@ Tensor perturbation:
Primordial gravitational waves (produced by an epoch of inflation)
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Cosmic Microwave Background (CMB) Temperature anisotropy

CMB Polarization

The outgoing light is unpolarized

HOT

Thomson
COLD Seattering
P

Polarization

The outgoing light is polarized

Ne effects on CMB polarization
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Cosmic Microwave Background (CMB) Temperature anisotropy

CMB Polarization

The outgoing light

HC

Polarization can arise from:

is unpolarized

)T

COLD ;%b—
s

P

The outgoing light

arization

is polarized

Ne effects on CMB polarization

@ Gravitational wave

@ Density perturbation
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Cosmic Microwave Background (CMB) Temperature anisotropy

How we can specify which perturbation cause polarization?
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Cosmic Microwave Background (CMB) Temperature anisotropy

How we can specify which perturbation cause polarization?

E-mode B-mode
—N |
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Cosmic Microwave Background (CMB) Temperature anisotropy

How we can specify which perturbation cause polarization?

E-mode B-mode

_/|

Density perturbation can produce E-mode.
Gravitational wave can produce E-mode and B-mode.
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Cosmic Microwave Background (CMB) Stokes parameters and Boltzmann equation

Stokes parameters

Polarization of photon can be described with Stokes parameters:
Q, U, VvV, I
Q and U with a rotation’s angle ¢ transform to:
(Q=+iU) = eT2?(Q £ iU)

p=+vQ@%+ U?, V, | are frame independent.
A system of photons can be described by the density operator

1(I+Q U—W)_l

pZE U+IV /—Q 2(/+QO’3+U0’1+VO'2)
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Cosmic Microwave Background (CMB) Stokes parameters and Boltzmann equation

Compton scattering in standard model

Boltzmann Equation

(2r)*(0)(2K°) i
1

75 / dt<[Hi/;z(t). [anz(O)_ DU(k)]]\)

k) - /<[Hf,7t(t)~ Du(k)]>

i < [Hn(0), Dj(k)] >= /dqne(q)(5isps’j(k) = 8jsr pis(k)) (M)
Kosowsky, Ann.Phys.246 : 49 — 85,(1996)
i < [Hf,(0), Dj(k)] >=0

mn

=5 J dt{[Hine(t), [Hine (0), Dy (k)11
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Cosmic Microwave Background (CMB) Stokes parameters and Boltzmann equation

Boltzmann equation with scalar perturbation

0 1 1
EAES) /KpA(S T 4[— - fIK,u(p] m[ B+ A5 — dpavy + S Pa(p) rl]
0 x5, 1. +5) 1. s (s 1
S5 4 ikuap® = gTev[f& '+ AY — v + S Pa(n) al
O o) Lo s _ 1. 3 1(5)}
5 A% + Zikpal) = are.y[—A +Snl

8w
afm)?

AE(K) = Q(k) = i U(K)

7'-e'y =aneor, oT =

_ A2(S 2(S o(S
N=2a20 4+ 20 L A%
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Background fields

@ Background fields:

o Trivial background: Electric
and Magnetic field

e non- trivial background:
Non-Commutative space time
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Non-Commutative space-time Motivations

Motivations

@ Noncommutative relation

XM o &P [RM RV = 0" £0
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Non-Commutative space-time Motivations

Motivations

@ Noncommutative relation
xt = KRR =00 £ 0

Heisenberg algebra: o )
[X', p] = ihd?
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Non-Commutative space-time Motivations

Motivations

@ Noncommutative relation
xt = KRR =00 £ 0

Heisenberg algebra: o )
[X', p] = ihd?

Extension of Heisenberg algebra with

1
= ASFARY 2 2| 0" |
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Non-Commutative space-time Motivations

Motivations

@ Noncommutative relation
xt = KRR =00 £ 0

Heisenberg algebra: o )
[X', p] = ihd?

Extension of Heisenberg algebra with

1
= ASFARY 2 2| 0" |

Implying existence of a minimal length in nature v/6
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Non-Commutative space-time Motivations

Motivations

@ Noncommutative relation
xt = KRR =00 £ 0

Heisenberg algebra: o )
&', p) = i

Extension of Heisenberg algebra with
2 LU 1 v
= AXFARY > 5 | 6# |

Implying existence of a minimal length in nature 6

@ To find a natural cut-off for the divergences which plagued quantum
electrodynamics (QED).

Snyder, Phys Rev,71(1) : 38(1947); Heisenberg(1954)
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Non-Commutative space-time Motivations

Higgs ------- | mmmmmmeoes jmmmm e
VEV Nuclear :Atomic | Cosnielogy |
QgD | | Astronom | l
GuT, scale | h:leutrlnos R L Y |
1/25 z Nuclear ! R - i ;
| LHC | fission. | QHE{ . ! :
r-nflation parton-1 | T e | : i
! cotrm Cosm | | i 1 Solar ' |
! @ pre ' const | | ; system ' i
S (] A L
107* ecm Qfoe?e' m | m iis 1pc P 10%m
G 1 " I !
L 0 | | |
: | 11 L , —
1c18|§¢3eu 1J 18ev | | flev 1Kt : | m“iyrs
= o i |
Planck | —“————' visible | ! = Hubble
length quarks.  tgnt | P9 ! length
: leptens |  CMB! Earth Galaxy
o Rydberg i Classical Mechanics !
String [Theory cle Copdensed | Matter
1 1
AdS/CFT < RHIC

https://www.Princeton.edu/physics/research /high-energy-theory /gubser-
group /outreach /energy-scales-in-physies,(3 2018, Seoul July 05, 2018 o,
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Non-Commutative space-time Non-commutative Standard model

Non-commutative Standard model

Seiberg- Witten approach

@ Gauge group
SU3) = SU(2) = U(1)

@ The number of Non-Commutative Fields are the same as commutative fields.
@ Fields are expanded in order of commutative fields.

X.Calmet, etal., Eur.Phys.J.C23 : 363 — 376, (2002)

1
[%" %" = i = i——
M
5 gy i . 0f(x)0g(x
(F % £)(x) = F(x)e! 0" Pg(x) = F(x)g(x) + 50" 8)(<u) ax(y)w(@z)
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e T
Seiberg-Witten map

~ 1 j

v o= - 590‘5 VaangréGaﬁ[Va,V3]1/1+0(92)7
~ 1

W = V# + Zeaﬁ{aa ‘/'U. + Fa;u V[ﬁ} + 0(02)7

b = ¢+%9aﬁvﬁ (aacb—;(vad:—wg))

+% g8 (8ad> - é(vop - q>v;)) V} + O(6%),
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Non-Commutative space-time Non-commutative Standard model

SNCSI\/I - Sfermions + Sgauge + SHiggs + 5Yukavva
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Non-Commutative space-time Non-commutative Standard model

SNCSI\/I - Sfermions + Sgauge + SHiggs + 5Yukavva

f Au(kl)
d Ay (k2) —e2 @2
S O (K = K2).
f
>M*’*“<"‘)
A

i€ Qe+ 3 € Qr [(Poutp) — (Posc)(B — r) — (s — mr)(0pi), ]

B.Melic, etal., Eur.Phys.J.C42 : 483 — 497, (2005)
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Non-Commutative space-time Non-commutative Standard model

P 2

q q+p q

!

P P

iMO = iM{ +iMG + iME + MG+ imME

2
S ) (1(8) 0 (a5 -0+ cu(p)B) (44 B+ s (o)
p-q

H(B)d + B+ me) (¢ (p)(a+p) - 0-g—q-0-es(p)B )| ur(a)
e Qf_

LB(@)[(#(P)g0-(a = p) 40 c(p)B ) (4~ B+ mlsh)

+¢s (p)(sé — b me)(kp)(a—5) -0 a+q-0- e(p)B ) | ur(a)

= 2Qf U:(q" )l (P")(p + P')POuvpes (P)ur(q)
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Non-Commutative space-time Boltzmann equation in NC space-time

Boltzmann equation in NC space-time

d
—AS)—i—IK;LA + 4[¢) — iKpyp] =

dr
d
EA#S) +iKuAE® = & — i A
d (s +(s —(s
ar ()—&—IKMA CV+/2[NCAP()+/<;X,CAP()
fe= a2 % TR Y MC ki)
fine = ATy e L o
f=e,p
C= *‘;\V’.(fli vF - €2 + €2 Vf'61) D= Wi(ﬁi VF - €1 — €2 Vf'€2>
3mf 107%eV  m TeV .,
+ . f e
Yoo o2 €Y ~0.1
e/ ) o 3T AL 01 (7
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Non-Commutative space-time Boltzmann equation in NC space-time

General solution

A/(ﬁ) — Z al,im Y/m(ﬁ) AV(ﬁ) — Z av,im Y/m(ﬁ)

Im Im

+'(S) /A i +(S) /A
AP( )(n) — T2 NEG)(q)

Ai Z a2 im +2 Yim(R)
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Non-Commutative space-time Boltzmann equation in NC space-time

E-mode and B-mode

R (1 +2)17%/2 X (1 +2)17Y/2 R
7859 @) Z[ 172;'] 22.m Vi (), 215 ) () Z[ uz” 2 2m Yim(#)
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Non-Commutative space-time Boltzmann equation in NC space-time

E-mode and B-mode

R (1 +2)17%/2 X (1 +2)17Y/2 R
7859 @) Z[ 172;'] 22.m Vi (), 215 ) () Z[ uz” 2 2m Yim(#)

o7 -~ 7= —
= s N e R &
N NS — |
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Non-Commutative space-time Boltzmann equation in NC space-time

E-mode and B-mode

171/2
7055 () Z[ ’*2)'] a,im Yim(R), 8 85O (A)

(I=2)!

AL (p) = 5[()%),(5)(

Nc effects on CMB polarization

1/2
=S (o] e Yintd

. N 1/2
('A) ‘ UzAP(S)(ﬁ)] - Z {(/ o 2)‘} aEA/mY/m(ﬁ)
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Non-Commutative space-time Boltzmann equation in NC space-time

E-mode and B-mode

171/2
7055 () Z[ ’*2)'] a,im Yim(R), 8 85O (A)

(I=2)!

ag,im = —(az,m+a—2,m)/2

S.Tizchang

Nc effects on CMB polarization

1/2
=S (o] e Yintd

. N 1/2
('A) ‘ UzAP(S)(ﬁ)] - Z {(/ o 2)‘} aEA/mY/m(ﬁ)

aB.Im y/m(ﬁ)

ag,im = i(ax,m — a—2,im)/2

ICHEP 2018, Seoul July 05, 2018

19
22 /



Non-Commutative space-time Boltzmann equation in NC space-time

Power Spectrum

1 . 1 x
Cor= 377 e rmaeim) » Ca= 57 D (@b v
Coy= > 3V i aV.im)
Vi = 20+ 1 . V,I'm’4V,Im
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Non-Commutative space-time Boltzmann equation in NC space-time

Power Spectrum

1 . 1 x
Cer = 1 ;<3E,/’m’aE,lm> » Cor = 21+1 ;<QB,/’m’aB,’m>

1 *
CV/ = TH Z<‘9V,I’m’ava/m>

3 QY X[ —Ter A(S)
Cur ~ 2/+1/dKP Z‘/d ,m/ dr tey €741 C

~ R2Cpy
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Non-Commutative space-time Boltzmann equation in NC space-time

Power Spectrum

1

* 1 *
Ce = 1 ;<3E,/’m’aE,lm> , Cor = 2/+1 ;<al3,/’m’a"3”m>

1 *
CV/ = TH Z<‘9V,I’m’ava/m>

3 QY X[ —Ter A(S)
Cur ~ 2/+1/dKP Z‘/d ,m/ dr tey €741 C

~ R2Cpy

experimental value: Cp = 0.1,uK2
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Non-Commutative space-time Boltzmann equation in NC space-time

Power Spectrum

1 . 1 «
;(ag,//m/ acm) » Cer = 1 ;(33,//mf‘38,/m>

Cer =31
Cu= 3 s )
Vl_2/+l . ay irmaV,Im
3KP / QY* / XU —Ter A(S)
Cu ~ 2/+1/d Z\ dQyy, | driee CFk
72 Cpy

experimental value: Cp = 0.1,uK2
/%min <k < Rmax
. S3me+mpl m
R = - —
T4 TO a A
m

3 1
Mmetmpl Me | 35 1074 (20 TeV/A)>

3 x 1071 (20 TeV/A)?

1R

Rmin = — -
4 Ths o A2
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Non-Commutative space-time Result

Constrain on power spectrum

Cyvy power spectrum
2 Co < Cy < &2, Cpy

10_3,[1,K2 < Cy < 103MK2 Anec ~ 1 TeV

0.01I1K2 S CV/ S 0.01,u,K2 ANC ~ 20 TeV

Cp; power spectrum

Cgl X E2 CV/ K min CP/ < C.BI < Kmax CP/
10 nK? < C§, < 10 mK? Anc ~ 1 TeV
1074 pK? < C§ < 10 *uK? Anc ~ 20 TeV
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Non-Commutative space-time Result

Constrain on power spectrum

Cyvy power spectrum
2 Co < Cy < &2, Cpy

10_3/1,K2 < Cy < 103MK2 Anec ~ 1 TeV

0.01I1K2 S CV/ S 0.01,uK2 ANC ~ 20 TeV

Cp; power spectrum

Cgl X E2 CV/ mmCP/ < C.BI S Hmax CP/

10 nK? < C§, < 10 mK? Anc ~ 1 TeV

1074 pK? < C§ < 10 *uK? Anc ~ 20 TeV
Observed B-mode Cgb ~ 0.01uK?
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Non-Commutative space-time Result

Thank you for your attention
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