
Eiichiro Komatsu (Max Planck Institute for Astrophysics) 
Nagoya University, June 6–30, 2023

Parity Violation in Cosmology
In search of new physics for the Universe

©Y.Minami

The lecture slides are available at

 https://wwwmpa.mpa-garching.mpg.de/~komatsu/

lectures--reviews.html

1
Day 6

https://wwwmpa.mpa-garching.mpg.de/~komatsu/lectures--reviews.html
https://wwwmpa.mpa-garching.mpg.de/~komatsu/lectures--reviews.html


Topics
From the syllabus

1. What is parity symmetry? 


2. Chern-Simons interaction


3. Parity violation 1: Cosmic inflation 


4. Parity violation 2: Dark matter 


5. Parity violation 3: Dark energy


6. Light propagation: birefringence


7. Physics of polarization of the cosmic microwave background 

8. Recent observational results, their implications, and future prospects
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7.1 Generation of Polarization in 
the CMB
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Credit: WMAP Science Team

The sky in various wavelengths 
Visible -> Near Infrared -> Far Infrared -> Submillimeter -> Microwave



Where did the CMB we see today come from?

From “HORIZON”



Credit: WMAP Science Team
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The surface of “last scattering” by electrons
(Scattering generates polarization!) 

Not shown: The cosmological redshift due to the expansion of the Universe



Horizontally polarized

Credit: TALEX
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Physics of CMB Polarization
Necessary and sufficient condition: Scattering and Quadrupole Anisotropy

9Credit：Wayne Hu
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Spherical Harmonics Decomposition

ΔT( ̂n) = ∑

ℓm

aℓmYm
ℓ ( ̂n)
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Parity transformation of temperature anisotropy

• The line-of-sight unit vector is .


• Parity transformation is .


• The spherical harmonics transform as 
. Thus,

̂n

̂n → ̂n′ = − ̂n

Ym
ℓ (− ̂n) = (−1)ℓYm

ℓ ( ̂n)
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Full-sky Stokes Parameters
In the CMB convention

• The line-of-sight unit vector is .


• In the CMB convention, Q, U, and 
the position angle (PA) are defined 
in the right-handed coordinate 
system with the z-axis in the line 
of sight, rather than in the direction 
of the photons.


• This is equivalent to the left-handed 
coordinate system with the z-axis in 
the direction of the photons (Day 5).

̂n
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PA



7.2 E- and B-mode Polarization
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Spin-2 Spherical Harmonics

• To probe parity symmetry in the CMB polarization, Stokes parameters Q and 
U are not convenient because they depend on the choice of coordinates.


• If we write  (Day 5) and rotate the coordinates by  in the 
right-handed coordinate system with the z-axis in the line of sight, we find


• Thus, 


• This means that we cannot expand  using the usual spherical 
harmonics, as  does not transform as a spin-2 field under rotation.

Q ± iU = Pe±2iβ φ

Q ± iU
Ym

ℓ

16 x’

y’
̂n

'
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Spin-2 Spherical Harmonics

• Spin-2 spherical harmonics, , are constructed as follows.


1. Take two derivatives of  with respect to the directions perpendicular to 
the line of sight, , where

±2Ym
ℓ ( ̂n)

Ym
ℓ

∇̃i ∇̃jYm
ℓ ( ̂n)
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with orthogonal unit vectors given by

Newman, Penrose (1966); Weinberg “Cosmology”, Sec. 7.4

Under parity transformation,  
( ):

̂n → ̂n′ = − ̂n
θ → π − θ, ϕ → ϕ + π



Spin-2 Spherical Harmonics

• Spin-2 spherical harmonics, , are constructed as follows.


2. Take the dot product of  and two polarization vectors given by 
, so that 

±2Ym
ℓ ( ̂n)

∇̃i ∇̃jYm
ℓ ( ̂n)

e± = ( ̂θ ± i ̂ϕ)/ 2
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These spherical 
harmonics transform 

as spin-2 fields.

Newman, Penrose (1966); Weinberg “Cosmology”, Sec. 7.4

Side note:  is proportional

to the spin-1 spherical harmonics, .

∑ e±,i ∇̃iYm
ℓ ( ̂n)

±1Ym
ℓ ( ̂n)



Spin-2 Spherical Harmonics

• Spin-2 spherical harmonics, , are constructed as follows.


3. Determine the proportionality constant from the orthonormality condition 
given by


4. The results: 

±2Ym
ℓ ( ̂n)
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Newman, Penrose (1966); Weinberg “Cosmology”, Sec. 7.4



Problem Set 6
Parity transformation of ±2Ym

ℓ ( ̂n)

• Show that the polarization vectors transform as  under parity 
transformation, .


• Show that the spin-2 spherical harmonics transform as

e±( ̂n′ ) = e∓( ̂n)
̂n → ̂n′ = − ̂n
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Parity transformation of Q and U
The sign of U changes.
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The sign of U changes.

Hu, White (1997)

• Under parity transformation, , Stokes parameters Q and U 
transform as .

̂n → ̂n′ = − ̂n
Q( ̂n′ ) = Q( ̂n), U( ̂n′ ) = − U( ̂n)



Eigenstates of parity: E and B modes
Expansion of Q±iU using the spin-2 spherical harmonics

• We expand Stokes parameters using the spin-2 spherical harmonics as


• Parity transformation, , iŝn → ̂n′ = − ̂n

22

Zaldarriaga, Seljak (1997); Kamionkowski, Kosowsky, Stebbins (1997)

Hint: ±2Ym
ℓ (− ̂n) = (−1)ℓ

∓2Ym
ℓ ( ̂n) Problem


Set 6



Eigenstates of parity: E and B modes
Expansion of Q±iU using the spin-2 spherical harmonics

• We expand Stokes parameters using the spin-2 spherical harmonics as


• Parity transformation, , iŝn → ̂n′ = − ̂n

23

Zaldarriaga, Seljak (1997); Kamionkowski, Kosowsky, Stebbins (1997)

Hint: ±2Ym
ℓ (− ̂n) = (−1)ℓ

∓2Ym
ℓ ( ̂n)

 
 

E and B modes have the 
opposite parity!

E′ ℓm = (−1)ℓEℓm
B′ ℓm = (−1)ℓ+1Bℓm



Temperature and Polarization Power Spectra

• For  and , 
the power spectra are given by


• , , , and  have even parity, whereas and  have odd 
parity, which are sensitive probes of violation of parity symmetry. 

• 4 even-parity and 2 odd-parity combinations.

ΔT( ̂n) = ∑ TℓmYm
ℓ ( ̂n) Q( ̂n) + iU( ̂n) = − ∑ (Eℓm + iBℓm)±2Ym

ℓ ( ̂n)

CTT
ℓ CTE

ℓ CEE
ℓ CBB

ℓ CTB
ℓ CEB

ℓ
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where (X,Y)=(T, E, B)



CMB Power Spectra
Progress over 30 years

25

• This is the typical figure seen in 
talks and lectures on the CMB.


• The temperature and the E- and 
B-mode polarization power 
spectra are well measured.


• Parity violation appears in the TB 
and EB power spectra, not 
shown here.

Temperature anisotropy 
(sound waves)

E-mode 
(sound waves)

B-mode (lensing)

B-mode 
(Gravitational Wave)



This is the EB power spectrum (WMAP+Planck)
Nearly full-sky data (92% of the sky)

• χ2 = 125.5 for DOF=72


• Unambiguous signal of 
something!
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Eskilt, EK (2022)



This is the EB power spectrum (WMAP+Planck)
Galactic plane removed (62% of the sky)

• χ2 = 138.4 for DOF=72


• The signal exists 
regardless of the Galactic 
mask. This rules out the 
Galactic foreground.
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7.3 Cosmic Birefringence in the 
CMB

28 ©Y.Minami
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How does the EM wave of the CMB propagate?

The surface of “last scattering” by electrons
(Scattering generates polarization!) 

Credit: WMAP Science Team
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How does the EM wave of the CMB propagate?

β



EB from rotation of the plane of linear polarization

• Stokes parameters can be written as (Day 5)


• Cosmic birefringence shifts the position angle (PA) 
by PA –> PA + β. Thus, the observed E and B 
modes are related to those at the surface of last 
scattering as

31

Lue, Wang, Kamionkowski (1999); Feng et al. (2005); Liu, Lee, Ng (2006)

Eobs
ℓm , Bobs

ℓm

Eℓm, Bℓm



Searching for cosmic birefringence

• The observed polarization power spectra are given by


• We find 
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Lue, Wang, Kamionkowski (1999); Feng et al. (2005); Liu, Lee, Ng (2006)
Zhao et al. (2015)

<latexit sha1_base64="HmjuqqPWXFnD0VGS/AXBkQIICXY="></latexit>

CEE,obs
` = CEE

` cos2(2�) + CBB
` sin2(2�)

CBB,obs
` = CEE

` sin2(2�) + CBB
` cos2(2�)

<latexit sha1_base64="hjpgDlCA1j3OvcMR57Y1OklL/pA=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL8Ei1IMlkYoeS4vgsYL9gCaGzXbaLt1swu5GKKFe/CtePCji1X/hzX/jts1Bqw8GHu/NMDMviBmVyra/jNzS8srqWn69sLG5tb1j7u61ZJQIAk0SsUh0AiyBUQ5NRRWDTiwAhwGDdjCqT/32PQhJI36rxjF4IR5w2qcEKy355sFp3XeBsbv0qjZxJeWlihuAwie+WbTL9gzWX+JkpIgyNHzz0+1FJAmBK8KwlF3HjpWXYqEoYTApuImEGJMRHkBXU45DkF46+2BiHWulZ/UjoYsra6b+nEhxKOU4DHRniNVQLnpT8T+vm6j+pZdSHicKOJkv6ifMUpE1jcPqUQFEsbEmmAiqb7XIEAtMlA6toENwFl/+S1pnZee8bN9UitVaFkceHaIjVEIOukBVdI0aqIkIekBP6AW9Go/Gs/FmvM9bc0Y2s49+wfj4BhxXlgc=</latexit>

�CEB
` sin(4�)

<latexit sha1_base64="xFQX4OYFonzzXQhVgERGeHlHvOo="></latexit>

CEE,obs
` � CBB,obs

` = (CEE
` � CBB

` ) cos(4�)� 2CEB
` sin(4�)

<latexit sha1_base64="Vpo7VpGoPmGR0Y3QiCM+efALLgU=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL8EiVISSSEWPpUXwWMF+QBPDZjttl242YXcjlFAv/hUvHhTx6r/w5r9x2+ag1QcDj/dmmJkXxIxKZdtfRm5peWV1Lb9e2Njc2t4xd/daMkoEgSaJWCQ6AZbAKIemoopBJxaAw4BBOxjVp377HoSkEb9V4xi8EA847VOClZZ88+C07rvA2F16VZu4kvJSxQ1A4RPfLNplewbrL3EyUkQZGr756fYikoTAFWFYyq5jx8pLsVCUMJgU3ERCjMkID6CrKcchSC+dfTCxjrXSs/qR0MWVNVN/TqQ4lHIcBrozxGooF72p+J/XTVT/0kspjxMFnMwX9RNmqciaxmH1qACi2FgTTATVt1pkiAUmSodW0CE4iy//Ja2zsnNetm8qxWotiyOPDtERKiEHXaAqukYN1EQEPaAn9IJejUfj2Xgz3uetOSOb2Ue/YHx8AxkhlgU=</latexit>

+CEB
` sin(4�)

<latexit sha1_base64="910OSkLqtnmy1k8Fk2NJltHkYrg="></latexit>

CEB,obs
` =

1

2
(CEE

` � CBB
` ) sin(4�)

<latexit sha1_base64="hpnvjz53moKGSW47Mmmx7UGiDtA="></latexit>

=
1

2
(CEE,obs

` � CEE,obs
` ) tan(4�) +

CEB
`

cos(4�)

<latexit sha1_base64="IJuJCTE1N6kUusDX9hjw6FJU+kI=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL8EiVISSSEWPpUXwWMF+QBPDZjttl242YXcjlFAv/hUvHhTx6r/w5r9x2+ag1QcDj/dmmJkXxIxKZdtfRm5peWV1Lb9e2Njc2t4xd/daMkoEgSaJWCQ6AZbAKIemoopBJxaAw4BBOxjVp377HoSkEb9V4xi8EA847VOClZZ88+C07rvA2F16VZu4JJKlihuAwie+WbTL9gzWX+JkpIgyNHzz0+1FJAmBK8KwlF3HjpWXYqEoYTApuImEGJMRHkBXU45DkF46+2BiHWulZ/UjoYsra6b+nEhxKOU4DHRniNVQLnpT8T+vm6j+pZdSHicKOJkv6ifMUpE1jcPqUQFEsbEmmAiqb7XIEAtMlA6toENwFl/+S1pnZee8bN9UitVaFkceHaIjVEIOukBVdI0aqIkIekBP6AW9Go/Gs/FmvM9bc0Y2s49+wfj4BhFLlgA=</latexit>

+CEB
` cos(4�) EB is given by 

the difference 
between EE and 

BB spectra.

<latexit sha1_base64="rH9/JqgfhSPyB1gLDTe50dN0BBU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WOpF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UK/3yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5pdOyZlVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhjZ9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PIqaV1Uvauqe39ZqdXzOIpwAqdwDh5cQw3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzBx7wjRY=</latexit>

BB



Searching for cosmic birefringence

• Similarly,


• We find 
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Lue, Wang, Kamionkowski (1999); Feng et al. (2005); Liu, Lee, Ng (2006)
Zhao et al. (2015)
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Cosmic Birefringence fits well(?)
Nearly full-sky data (92% of the sky)

• β = 0.288 ± 0.032 deg


• χ2 = 66.1


• Good fit! 9σ detection?
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Eskilt, EK (2022)



Cosmic Birefringence fits well(?)
Galactic plane removed (62% of the sky)
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• β = 0.330 ± 0.035 deg


• χ2 = 64.5


• Signal is robust with respect 
to the Galactic mask.
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Eskilt, EK (2022)



7.4 CMB Polarization from GW

36



How to detect GW?
Laser interferometer technique, used by LIGO and VIRGO
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Mirror

Detector No Signal

Mirror

Mirror

Signal!Detector

Mirror

Beam splitter Beam splitter

The wavelength of GW detectable by 

this method is the size of Earth 


(a few thousand km). 

How do we detect GW with 


billions of light-years’s wavelength?



Detecting GW by CMB

38

Isotropic radiation field (CMB) Isotropic radiation field (CMB)
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<latexit sha1_base64="7o35sMmYgUabX25v6xOUlfm+4t4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilzqjfQxFx0y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRe0SP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AE0I5AT</latexit>C C

H

H C

C
H

H

Quadrupole temperature anisotropy generated by red- and blue-shifting of photons

Sachs, Wolfe (1967)
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Isotropic radiation field (CMB) Isotropic radiation field (CMB)

h+
<latexit sha1_base64="73F7RS5/Z58dteq4PTugvB0Ykkc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1FjpYdg775XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdKsVryLSvX+sly7yeMowDGcwBl4cAU1uIM6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx/rd42O</latexit>

h⇥
<latexit sha1_base64="7o35sMmYgUabX25v6xOUlfm+4t4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilzqjfQxFx0y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRe0SP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AE0I5AT</latexit>

h+
<latexit sha1_base64="73F7RS5/Z58dteq4PTugvB0Ykkc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1FjpYdg775XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdKsVryLSvX+sly7yeMowDGcwBl4cAU1uIM6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx/rd42O</latexit>

h⇥
<latexit sha1_base64="7o35sMmYgUabX25v6xOUlfm+4t4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilzqjfQxFx0y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRe0SP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AE0I5AT</latexit>

Electron

C C
H

H C

C
H

H

Quadrupole temperature anisotropy generated by red- and blue-shifting of photons

Sachs, Wolfe (1967)
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Quadrupole temperature anisotropy scattered by an electron
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Isotropic radiation field (CMB) Isotropic radiation field (CMB)

h+
<latexit sha1_base64="73F7RS5/Z58dteq4PTugvB0Ykkc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1FjpYdg775XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdKsVryLSvX+sly7yeMowDGcwBl4cAU1uIM6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx/rd42O</latexit>

h⇥
<latexit sha1_base64="7o35sMmYgUabX25v6xOUlfm+4t4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilzqjfQxFx0y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRe0SP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AE0I5AT</latexit>

h+
<latexit sha1_base64="73F7RS5/Z58dteq4PTugvB0Ykkc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1FjpYdg775XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdKsVryLSvX+sly7yeMowDGcwBl4cAU1uIM6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx/rd42O</latexit>

h⇥
<latexit sha1_base64="7o35sMmYgUabX25v6xOUlfm+4t4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilzqjfQxFx0y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRe0SP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AE0I5AT</latexit>冷 冷
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Polnarev (1985)



propagation direction of GW

h+=cos(kz)

hx=cos(kz)

z~k
<latexit sha1_base64="iwZxKxQ2qmVFkrUPGUlb4Wp/QF0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZeNZv1xxq+4CZJ14OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3voZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk1at6l1Va4/XlfpdHkcRzuAcLsGDG6jDAzSgCQzG8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gCfcI/B</latexit>



E modes 
from GW
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for h+

for h×

• GW is propagating 
in the z direction.


• This pattern has 
even parity. 


• E-mode 
polarization.



B modes 
from GW
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for h+

for h×

• GW is propagating 
in the z direction.


• This pattern has 
odd parity. 


• B-mode 
polarization.



TB and EB from Chiral Primordial GW
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Lue et al. (1998); Saito, Ichiki, Taruya (2007); … ; Thorne et al. (2018)

Given by 

 P+2(k) + P−2(k)

Given by 

.


Chiral GW! 
P+2(k) − P−2(k)

Birefringence

(β=1 arcmin)

B modes from

gravitational lensing



Recap: Day 6

• The CMB polarization is produced by Thomson scattering of a locally 
anisotropic temperature distribution around electrons at the surface of the last 
scattering.


• Both density fluctuations and GW generate a locally anisotropic temperature 
distribution around electrons.


• Using the spin-2 spherical harmonics, Stokes parameters Q±iU can be 
decomposed into parity eigenstates called E and B modes with the opposite 
parity. GW can produce both E and B modes. 

• The cross-correlation power spectra, TB and EB, are sensitive to parity-
violating physics such as cosmic birefringence and chiral gravitational waves.

45

There is a signal in the EB power spectrum with a statistical 
significance of 9σ. What is the source of this signal? 


