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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



Cosmic Microwave 
Background

• Relic photons of hot big bang
• 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 (10μK) 
and linearly polarized (μK)



CMB Anisotropy and Polarization

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

• On small angular scales, acoustic 
oscillations in plasma on last 
scattering surface generate 
Doppler shifts

• Thomson scatterings with electrons 
generate polarization

Quadrupole
anisotropy

e

Linearly polarized

Thomson
scattering



§ Point the telescope to the sky
§ Measure CMB Stokes parameters: 
T = TCMB− Tmean, 
Q = TEW – TNS, U = TSE-NW – TSW-NE

§ Scan the sky and make a sky map
§ Sky map contains CMB signal, 

system noise, and foreground 
contamination including polarized 
galactic and extra-galactic 
emissions 

§ Remove foreground contamination  
by multi-frequency subtraction 
scheme

§ Obtain the CMB sky map 
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CMB Anisotropy and Polarization Angular Power Spectra

Decompose the CMB sky into a sum of spherical harmonics: 

(Q − iU) (θ,φ) =Σlm  a2,lm   2Ylm (θ,φ)

T(θ,φ) =Σlm  alm Ylm (θ,φ)

(Q + iU) (θ,φ) =Σlm  a-2,lm   -2Ylm (θ,φ)

CB
l =Σm (a*2,lm a2,lm − a*2,lm a-2,lm) B-polarization power spectrum

CT
l =Σm (a*lm alm)  anisotropy power spectrum

CE
l =Σm (a*2,lm a2,lm+ a*2,lm a-2,lm ) E-polarization power spectrum

CTE
l = − Σm (a*lm a2,lm)  TE correlation power spectrum

(Q,U) electric-type magnetic-type

q
l = 180 degrees/ q



PGWs and CMB temperature anisotropy



Collisional Boltzmann Equation      Ng&Ng 96

scalar modes/
density
perturbations



T(k) CDM transfer function



tensor 
modes/
GWs

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



Theoretical Predictions for CMB Power Spectra

T

E

B

TE

[l(
1+

1)
 C

l/2
p]

1/
2



Gravity-wave induced B-mode

Weiss report 05

Future mission
----- after multi-freq.
foreground removal

r=Tensor/Scalar



Large-scale CMB Polarization and 
Reionization of the Universe

WMAP 5yr
Optical depth τ = 0.052
Zreion=10



Weak Lensing by Large-Scale Structure
Cosmic Shear γ

background galaxies

CDM halos

Shear Variance in circular cells with size θ
σ2
γ(θ) = ‹γ2› 

Jain et al. 1997
1x1 deg

Ellis et al. 02



Primordial gravitational waves

Weiss report 05

r=Tensor/Scalar



CMB Foreground



2006
John Mather
George Smoot

1978
Arno Penzias
Robert Wilson

Plus many other 
experiments!!

AT&T Bell

NASA

NASA

CMB Milestones

2010, 2018
Charles Bennett
Lyman Page
David Spergel

ESA    Planck2013

Plus many 
ground-based 
experiments

2004, 2019
James Peebles
Theoretical Cosmologist



Diffuse 
InfraRed 
Background 
Experiment 

Differential Microwave Radiometer 

Far InfraRed Absolute 
Spectrophotometer 

launched on Nov 18, 1989



CMB  Spectrum T=2.725 ± 0.002
FIRAS 
1992



7o resolution



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

BOOMERANG 
(pipeline headquarter@CITA)

MAXIMA 
(headquarter@Berkeley
with Proty Wu)



k=-1 k=0 k=1

1 = WM + WDE – k / (R2H2)

.

WM + WDE =1.099 +0.100
- 0.085



First detection of polarization by DASI (2002) 

DASI@South Pole
Interferometry

AMiBA



Zreionization ~  20 (too big to be true?) 



WMAP 5yr

WMAP 08



WMAP 08





Planck CMB Anisotropy DTT
l = l(l+1) CT

l 2018

PR(k=0.002Mpc-1)~ 2x10-9



Planck CMB  Polarization Power Spectra 2018



Best-fit  6-parameter 
ΛCDM model   2018

Density perturbation (scalar)

k0=0.05Mpc-1



r = Tensor/Scalar
= Ph(k)/PR(k)  at k=0.002 Mpc-1

ΛCDM model + 1-parameter extension



POLARBEAR+BICEP2 B-mode Detection



Current B-mode measurements
Dust      �����
Lensing

Galactic polarized dust emission
B-mode power spectrum at 150 GHz



Joint Planck+BICEP2/Keck Array constraint on r 
by removal of dust contamination (2018)

Keck Array 2015
E-polarization data

r0.05 < 0.06
at 95% c.l. 



Alternative sources?

Moss and Pogosian 14 



B ~ nG



Search for Cosmic Parity Violation

• T. D. Lee and C. N. Yang, C. S. Wu
Parity symmetry is broken in sub
-atomic world - weak interaction is
left-handed

• Is there any parity violation in the 
cosmos on the sky?
CMB polarization, polarized radio
galaxies,…

• BICEP to AliCPT@China



CMB power spectra

• <TT>, <EE>, <BB>, and <TE>
correlations exist in standard       
𝚲CDM 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

This leads to photon dispersion relation

± left/right handed    η conformal time

Carroll, 
Field,
Jackiw 90

then, a rotational speed of polarization plane 
vacuum birefringence

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



DE mean field induced vacuum birefringence –
cosmic rotation of CMB polarization

Zhang et al 06
Liu,Lee,Ng 06

electric-type magnetic-type

TE spectrum

φ
𝛾 β

CMB photon



Parity violating EB,TB cross power spectra –
cosmic parity violation



Constraining β by CMB polarization data

2003 Flight of BOOMERANG

<TB>

Likelihood analysis assuming 
reasonable quintessence models

c.l.

M  reduced Planck mass

More stringent limits
from…WMAP…to Planck



Including Dark Energy Perturbation
Dark energy
perturbation

time and space 
dependent rotation

l Perturbation induced polarization power spectra in general
quintessence models are small

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



We Tried Many Scalar Dark Energy Models



Pospelov et al. 08
Lee, Liu, Ng14

Cosmic Birefringence (CB) Fluctuations
Nearly massless
pseudo scalar



Axion (m~10-22eV) CDM curvature perturbation 

δρϕ/ρϕ= δρ/ρ

Liu, Ng 17



DASI

WMAP

Planck

AMiBA

CBI

ACBAR

Large-format bolometer arrays

Recent, On-going, and Future CMB Space Missions and Experiments

CMB Stage-4
- AliCPT
- LiteBIRD



A fiducial model
with r=0.01

Constraints on r

CMB-S4
forecasts 
on inflation 
models



Summary
• Cosmic microwave background is a powerful tool for 

unveiling the initial conditions 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 primordial 
gravitational waves and inflation

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


