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Outline

* The 3K cosmic microwave background
- the relic photons of Hot Big Bang
 CMB anisotropy and polarization

* How to probe the early Universe and
measure the cosmological parameters

 Current status and future directions



Hictorv of the I'miverse COSmIC MICFOWHVG
6 Background

* Relic photons of hot big bang
M - First observed in 1965

« Black body radiation of
temperature about 3K

# « Coming from last scatterings
with electrons at redshift of
about 1100 or 400,000 yrs
after the big bang (age of the
- Universe is about 14 Gyrs)
» * Slightly anisotropic (10uK)
~ and linearly polarized (uK)
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CMB Anisotropy and Polarization

« On large angular scales, matter
imhomogeneities or primordial
gravitational waves generate

gravitational redshifts BiG BANG Pwss TINEST
: FRACTION ECOND
- On small angular scales, acoustic (185?)

oscillations in plasma on last
scattering surface generate
Doppler shifts

« Thomson scatterings with electrons
generate polarization

Quadrupole >K
anisotropy Thomson

scattering :
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CMB Measurements

= Point the telescope to the sky

» Measure CMB Stokes parameters: ﬁ MEASUREMENT
T= TCMB_ Tmean?
Q=Tgw —Tns, U= Tgpnw = Tswone RAW DATE

= Scan the sky and make a sky map APMAKING

= Sky map contains CMB signal, ﬁ

system noise, and foreground
contamination including polarized

e

galactic and extra-galactic MULTI-FREQUENCY MAPS
emissions

» Remove foreground contamination " REMOVAL
by multi-frequency subtraction ﬁ
scheme

= Obtain the CMB sky map




CMB Anisotropy and Polarization Angular Power Spectra

Decompose the CMB sky into a sum of spherical harmonics:
T(0,0) =2, 2, Yy, (0,0)
(Q—1U) 0,0) =2, a1, Y, (0,0)
Q+1U) (0,0) =2y, 4,1 oY, (0,0)

CT,=X_(a*,, a ) anisotropy power spectrum |=180 degrees/ 6

CH =X, (@ 8™ 8%y &,y ) E-polarization power spectrum
CP =X (@*)1m B — 8% @ y) B-polarization power spectrum

Cl=-% (a*,a,,, TE correlation power spectrum

(Q,U) electric-type magnetic-type
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PGWs and CMB temperature anisotropy
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Collisional Boltzmann Equation  Ng&Ng 96

0 d 1 ém ch;;
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(an e Bx)" 2élnv dn $¢ = exNo

1 1 n
X [n ~ I f Ply, ¢, i, ¢ ndy d¢'] s (1)
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where g, 1s the Thomson scattering cross section, N, is the
number of free electrons per unit volume, (i = cos 6, ¢) are the
polar angles of the propagation direction e of the photon with
a comoving frequency v, and P is the phase matrix for
Thomson scattering.

The solution a for the equation of transfer assumes the form
n=n,+ (n,onm/2), where m, and ém are the unperturbed
scalar modes/ golution and perturbation, respectively. We expand om =
density | dkw'e™ * where n' = aa + fb. For the scalar-mode solution,
perturbations the Stokes components n, and n, both decouple from n, and n,,
and it suffices to consider only the first two components of n
witha = (1, 1)and b = (1, —1). Substituting the solution # and
the Fourier expansion for h;; into equation (1), and expanding

a and f in terms of Legendre polynomials,

olp) = Z': (21 + Doy P(p)
Plp) = z': (2 + 1), Pdw) ,

(3)



& + ikpo = [T (k)]Y2k*n(1 + 2P,) — g hj= [dkd.e™ *kik; 5, oc k*n*
X [ — g — 3Pt — Bo + B2)] T(k) CDM transfer function
B+ ikpp = — q[p — 3(1 — P2)Bo — 22 — B)] g=0orN,a.

¢

. 1 Bo=-ikﬁ1—g(ﬁo+ﬁz+az),
o = —ikay + 3 [T,
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&y = —sk(ao+2a2)—qal ;
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In the case of the tensor mode, only n, decouples, and we

thus choose the basis (Polnarev 1985) a = [3(1 — u?) cos 2¢]

(1, 1, 0) and b = 3[(1 + u?) cos 2¢, —(1 + u?) cos 2¢, 4u sin

2¢] for the + mode solution. The x mode solution is given by

the same expressions with cos 2¢) and sin 2¢ interchanged, and

an additional minus sign in the last component of the basis

[ensor  vector b. Defining & = o + B, we obtain a system of coupled
modesg/ differential equationsin a similar way:

GWs 50 = —q&y — k&, + ’ik ’
Bo= — 16 aBo — ikB, + g
X (3B, + $5Bs — T5¢0 + 72 — 76¢4) »

: = dk he™ * €]
h'k + (2&5&/‘1) + kzhk = 0,

.
ik (7)

&= —q& — [’Ct 0+ 1), 1]

2+ 1
s 1>1,

b= —aqp, - [lﬁl  H(+ l)ﬂl+l]

+ multi-component fluid perturbation evolution - CMB numerical codes :
COSMICS Ma+Bertschinger, CMBFAST Seljak+Zaldarriaga, CAMB, ...



Theoretical Predictions for CMB Power Spectra

Polarized Issues

reionization

0.01

Hu & Dodelson (2002)




Gravity-wave induced B-mode

Angular Scale
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Large-scale CMB Polarization and
Reionization of the Universe

Tiwe (yoara)
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Weak Lensing by Large-Scale Structure

Jain et al. 1997
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Primordial gravitational waves

2 universe  Vvirgo galaxy sun/earth earth
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Antenna Temperature (LK, rms)

CMB Foreground

10 RO

Antenna Temperature (uK, rms)
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Plus many
ground-based

A experiments

AT&T Bell Penzias and

ESA Planck

28bles
al Cosmologist



DIRBE Test Unit

The COBE Satellite

~ launched on Nov 18, 1989 [T .= SRS
R : " InfraRed

, Background
FIRAS

‘ / L : Ko y Experiment
e DMR Antennas :

-Deployable Sun, Earth,
RF/Thermal Shield

Helium Dewar

Deployablé Solar Panels

Far InfraRed Absolute
Spectrophotometer

Earth Sensors DMR Receiver

-Deployable Mast’ ~Hoppiiac e o«
: 5 p \Erjclosure

Gl S WFF Omni Antenna- .
TDRSS Omni Antenna, :

Differential Microwave Radiometer



CMB Spectrum T=2.725 £ 0.002

lo0s _ COSMIC MICROWAVE BACKGROUND SPECTRUM FROM COBE
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COBE - DMR Map of CMB Anisotropy
Four Year Results

resolution

North Galactic Hemisphere South Galactic Hemisphere

~-100 X B 1 +100 uK



Location of first Doppler peak determining
the curvature of the Universe (2000)

BOOMERANG
(pipeline headquarter@CITA)

MAXIMA
(headquarter@Berkeley
with Proty Wu)

1.0

Boomerang/150GHz | 0.8F X:::
1.0% of full sky

Cyl(I+1)/2m (UK?)
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Multioole moment /
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First detection of polarization by DASI (2002)
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FIRST-YEAR WILKINSON MICROWAVE ANISOTROPY PROBE (WMAP)' OBSERVATIONS:
TEMPERATURE-POLARIZATION CORRELATION

A.Kogur,? D.N. SPERGEL,” C. I}ARNBS," C.L. BENNE'I'I‘,?" M. HALPERN,” G, HinszAw,” N. JArOSIK,*
M. Livon,>*® §. 8. MEYER,” L. PaGE,” G.S. Tucker,>®% E. WoLLAck,” aND E. L. WRIGHT®
Received 2003 February 11; accepted 2003 May 20
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WMAP Cosmological Parameters
Model: ledm4-sz4-lens

Data: wmap5+cmb

1022, 72 2.250 + 0.061 1 —n, 0.040 £ 0.014
1—mn, 0.013 < 1 —n, < 0.067 (95% CL) | Apaolz = 0.35) 0.451 £ 0.021
Cazn 5753117 d A (2aq) 14351113} Mpe
da(z,.) 141887153 Mpe A2 (2,41 +0.11) x 1077
h 0.725 1137 H 72,532 km/s/Mpe
Fo 0.00052 + 0.00045 fug 135.0 £ 4.7
‘. 302,143 n. 0.960 + 0.014
o, 0.0430 ' 5 535 Q,h? 0.02250 =+ 0.00061
0.207+0:025 Q.h? 0.1079 5 Ggo
Qa 0.750 ' 5032 Q,, 0.250 ' 5050
Q. h° 0.1304 + 0.0061 Thor( Zdee ) 287.2 + 3.4 Mpe
T (2a) 154.21340 Mpe ro(24)/Do(z = 0.2) 0.1969 1 Hi%
re(z4) /D, (z = 0.35) 0.1178 + 0.0042 re(2s) 147.5" 12 Mpe
R 1.708 & 0.020 o8 0.783 :{: 0.035
Asz 0.66 "0 to 13.70' 0 15 Gyr
T 0.086 1000 o, 0.010398 + 0.000029
6, 0.5958 0 onis @ t, 38202812702 vy
Zdec 1087.9 + 1.2 24 1019.8 4+ 1.5
Zaq 3122 + 147 Zrcion 10.9 £+ 1.4
Z4 1090.62 + 0.95




Planck CMB Anisotropy D!, =1(1+1) C!, 2018
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Planck CMB Polarization Power Spectra 2018
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Best-fit 6-parameter

Density perturbation (scalar)

-1
. . k\™
ACDM model 2018 Spectral index (k) = A. (k_
0
ko=0.05Mpc’
TT+lowE TE+lowE EE+lowE TITEEE+lowE  TT.TEEE+lowE+knsing  TTTEEE+owE+knsing+BAO
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ACDM model + 1-parameter extension

Ng=
Spectral index Py (k) = A, k r = Tensor/Scalar

o = P, (k)/PL(k) at k=0.002 Mpc"
Parameter TT+lowE TT,TE,EE+lowE  TT,TE,EE+lowE+lensing  TT, TE, EE+lowE+lensing+BAO
Qe i -0.056*3 04 -0.044+00% -0.011*3013 0.0007 30037
Im,leV].......... < 0.537 < 0.257 < 0.241 < 0.120
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Yp.o ool 0.246*003 024075024 0.239*09%4 0.242+00%
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FODO2 « v o oenevnnnnn <0.102 < 0.107 < 0.101 < 0.106
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POLARBEAR+BICEP2 B-mode Detection
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Current B-mode measurements
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Alternative sources?
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Can primordial magnetic fields be the origin of the BICEP2 data?

Camille Bonvin!, Ruth Durrer? and Roy Maartens®4
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Search for Cosmic Parity Violation

« T.D.Leeand C. N. Yang, C. S. Wu

Parity symmetry is broken in sub
-atomic world - weak interaction is

left-handed

* |s there any parity violation in the
cosmos on the sky?

CMB polarization, polarized radio

galaxies,...
* BICEP to AlICPT@China



CMB power spectra

e <TT>, <EE>, <BB>, and <TE>
correlations exist in standard
ACDM model

* Since B is odd under parity
symmetry, we expect that
<TB>=<EB>=0

* Any trace of <TB># <EB># 0
may indicate parity violation



DE/DM Coupling to Electromagnetism

1 — . - b =
Ly = —7V=gBri(0)Fu P, where ¢=-—, M = Mp/V5r
This leads to photon dispersion relation giaejgo”’
Jackiw 90
10B,.~ [0d =  _\ (e,7) is the photon four-momentum
ny=cF-——LL (2 4+Vo-n
2 Jo aon t left/right handed 1 conformal time

vacuum birefringence

then, a rotational speed of polarization plane

, 1 )B - _) f" = .
(ny —n_) = —,—( . }TF (,(') +Vao-n
" 2 Jo an

| =

W =

.

-

§

If B=B¢, cooling of horizontal branch stars would imply <107



DE mean field induced vacuum birefringence — zhangetal os

CMB photon

. . . . Liu,Lee,Ng 06
cosmic rotation of CMB polarization :
electric-type magnetic-type
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Parity violating EB,TB cross power spectra —
cosmic parity violation
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Constraining B by CMB polarization data

2003 Flight of BOOMERANG Likelihood analysis assuming
reasonable quintessence models

0.15F ' ' ' ' ] (4 . 1t i) 7 ¥y
~ | (EB) ] Vig) =Vyexpldd/2M") Vi) = Vycoshidd/ M)
qop ; N
< 00F . iy — - B
O [ ] I
= 000k == --&---- --#----\----]—--_ o 0B
X - . a I
8 I ? ﬁ T ] L ost —
-0.05F | | | | ] !
0 200 400 600 B0 1000 — oal
Multipole Moment, ! .
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1o T <TB> 13 MR 10-5 104 _ 10-3 10-2
o I I I E = A ¢ Bl/M
35/ SIS SR SN SN SN o S NN - _ _
o _{ 5 % 4 ]1 ] }_ |BrpAd|/M <832 X 107* at 95% c.l.
S _ieof . where A ¢ is the total change of ¢ until today.

5 sof ez A M reduced Planck mass

A More stringent limits




Including Dark Energy Perturbation

F i T4 P —i R . 1 - ] S i
Dark ene':gy oln, T) = oln) + dch| 1, ) bl n,T) = ol k' n :'E’“i" TP
perturbation o ' [(97)3 ' '
v (27)
time and s 1B, .5 [ dd - )
pace w=_29%Crr (9% G4 4
2 0¢ an

dependent rotation <

Agriv(k,n) +ikpAoviw(k.n) = neora(n) | —Aoviw (k.n) *
Q+il7\ Wy 7], HAQ+iu |\ N, 1], edTQ\7], R+l \ Ny 1),

,(». ‘ 1 R -
> \'— YRS (k)| Fi2 o— / dk' Ok — K .n)Aoviv (K, 1
m \" l 27 .:I3 .
. 108
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(k1) 5784 [m () + ik - nrmh,l,_rg,l]

® Perturbation induced polarization power spectra in general
guintessence models are small

® Interestingly, in nearly ACDM models (no time evolution of
the mean field), birefringence generates <BB> while <TB>=<EB>=0



We Tried Many Scalar Dark Energy Models
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Cosmic Birefringence (CB) Fluctuations

Nearly massless <6(;)}:,z'.5(r’;)i‘fl_i> = (272/k*) Py (k) (k — k) Pospelov et al. 08
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Recent, On-going, and Future CMB Space Missions and Experiments
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Summary

Cosmic microwave background is a powerful tool for
unveiling the of the early Universe

Anisotropy power spectrum has been well measured

Combined with other observations such as supernova,
large-scale structure formation, gravitational lensing,
cosmological parameters have been measured at
~1% accuracy

Polarization signal is a sensitive probe of the formation
of first stars and reionization history

B-mode polarization is a clean signal of

Future and next-generation observations will lead us to
an era of high-precision cosmology



