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Parity or left-right symmetry
• T. D. Lee and C. N. Yang, 

Madame 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?
Chiral gravitational wave background
CMB polarization
CMB/galaxy four-point functions

1957 
Nobel 
Prize

1978 inaugural Wolf Prize



Outline
• Axion with mass and breaking scale 

(m!, f!) as free parameters
• Assume an axion-photon coupling via a 

Chern-Simons term !E∙B
• Axion inflation – primordial black hole (PBH) 

seeds and chiral gravitational waves (GWs)
• Cosmic birefringence due to axion dark 

matter / dark energy / string-wall networks 
and CMB B-mode polarization

• Conclusion 



Axion Inflation 

Spinoidal
instability

d"=dt/a

Sorbo, Barnaby,
Namba, Peloso, 
Meerburg, Pager,
Unal,….



Background

Perturbation



e.g. Axion inflation with 
a steep potential Cheng, Lee, Ng 16

- - - - m2φ2/2

all rescaled by Mp

inflaton-photon interaction  
φ E�Bà photon production



α=17, φ0=-13.5

trapped

Inflation ends 
without preheating

Inflation
begins



Production of 10-100M¤ PBHs
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Associated Chiral Gravitational Waves in Axion Inflation
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Transverse traceless part 
of photon energy-momentum 

<E∙E> ~ <E∙B> ~ ζ
Chiral photonsChiral GWs Sorbo 11



Production of PBHs realized in axion monodromy
inflation with sinusoidal modulations 

MBH~20M¤MBH~10-13M¤MBH~108 g



Chiral GWs associated with PBHs in modulated axion inflation

Cheng, Lee, Ng 2018

The first detection of 
a nanohertz GWB
in June 2023 by PTA
See Reggie Bernardo’s talk



Current Upper Bounds 

CMB&BBN – extra degrees of freedom
Cassini+LLR – radar launching

CMB – anisotropy + B-mode polarization
aLIGO – direct detection of wave strain
Pulsar – Shapiro time delay
Astrometry – gravitational lensing effect

Aoyama et al. 2021

Namikawa et al. 
2019

Ng 2021

the first detection!



Four-point Correlation Function
of Density Perturbation in Axion Inflation

4-point correlation functions of galaxies

#(x) is
galaxy
number 
density 

Gravitational interactions are inherently parity symmetric, so
gravitational evolution does not produce parity-breaking in LSS.
If cosmological in origin, it must stem from the epoch of inflation.





CMB 4-point functions e.g. <T(x1) T(x2) T(x3) T(x4)>



We have computed 4-point functions generated in axion inflation
<ζ(x1) ζ(x2) ζ(x3) ζ(x4)>



The Hot Big Bang Model

What is CDM?
Weakly interacting but 
can gravitationally clump 
into halos

What is DE??
Inert, smooth, anti-gravity!!

Dark 
Energy

70%

Cold Dark 
Matter
25%

Baryonic 
Matter

5%

Cosmic Budget



Axion-like DE and CDM
(too many references to list)

• Weak equivalence principle plus spin dictates a 
universal pseudoscalar (Ni 77)

• There exists at least one fundamental scalar – the 
Higgs boson !

• Axion monodromy – large-field inflation
• Peccei-Quinn symmetry breaking – QCD axion

CDM
• Problems in small-scale structures – 10-22 eV scalar 

(maybe pseudoscalar) fuzzy CDM
• String axiverse – a plentitude of axions with a vast 

mass range 10-33 eV - 10-10 eV
• Extended string axiverse – axions as DE 



Scalar field model for DE/DM



CMB Anisotropy and Polarization

• On large angular scales, matter 
imhomogeneities 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 

RAW DATE

MULTI-FREQUENCY MAPS

MEASUREMENT

MAPMAKING

SKY

FOREGROUND
REMOVAL

CMB
SKY MAP

CMB Measurements



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)

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

spectrum

CTT
l =Σm (a*lm alm)  Anisotropy power spectrum

CEE
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



Standard Lore

• <TT>, <EE>, <BB>, and <TE>
correlations exist in standard 
Lamda cold dark matter 
cosmological model 

• Since B is odd under parity 
symmetry, <TB> = <EB> = 0 



Latest report on CMB measurements



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



For homogenous field $(t), 
cosmic birefringence induces 
a constant rotation angle %



Rotation angle

Systematics?



The 2024 DESI galaxy survey measurement of 
w(z) = w0 + wa z/(1+z) 

Time-evolving 
Dark Energy !!







We Tried Many Scalar Dark Energy Models



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

Liu,Lee,Ng 06

electric-type magnetic-type

TE spectrum

φ
& β

CMB photon



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



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



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



Ultra-light Axionic string-wall networks

Jain et al. 22

%(',() rotation-angle sky map



Anisotropic cosmic 
birefringence



Summary 
• Future observations such as SNe, lensing, galaxy survey, 

CMB, etc. to measure dark energy w(z) at high-z

• Using CMB B-mode polarization to search for late axion dark 
energy induced vacuum birefringence

- Mean field time evolution → <BB>, <TB>, <EB>
- Include DE perturbation → <BB>, <TB>=<EB>=0

• Axion cold dark matter curvature perturbation → <BB>, 
<TB>=<EB>=0; isocurvature perturbation?

• Axion inflation gives rise to chiral gravitational waves and 
parity-violating 4-point correlation function or trispectrum

• Cosmic Parity Violation to unveil nature’s handedness


