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Our focus:  
Polarisation!



Standard Cosmological Model (ΛCDM) Requires New Physics
Physics beyond Standard Model of elementary particles and fields

• Dark Sector: What is dark matter (CDM)? What is dark energy (Λ)?


• Early Universe: What powered the Big Bang? What is the fundamental physics 
behind cosmic inflation? 


• Polarisation of the CMB may hold the answers to these questions.
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Standard Cosmological Model (ΛCDM) Requires New Physics
Physics beyond Standard Model of elementary particles and fields

• Dark Sector: What is dark matter (CDM)? What is dark energy (Λ)?


• Cosmic birefringence in cross-correlation of E- and B-mode polarisation


• Early Universe: What powered the Big Bang? What is the fundamental physics 
behind cosmic inflation? 


• Imprint of primordial gravitational waves in B-mode polarisation


• Polarisation of the CMB may hold the answers to these questions.
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arXiv:2202.13919
To appear in Nature Reviews Physics.

Many of the B06 activities 
are explained in this article.



The Science Targets: Examples
How can we use the CMB polarisation to learn about the DM?

• Do the DM fields violate parity symmetry? 

• Why not? The weak interaction violates parity symmetry.


• E.g., axion-like fields.


• Example project: How does the parity-violating DM field affect the propagation of 
polarised light of the CMB? 

• Do the DM fields have a higher spin? 

• Why not? The Higgs field is the only known field of elementary particles with zero spin.


• Example project: Do higher-spin fields generate new features in the gravitational 
waves which can be observed in the CMB polarisation?
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The surface of “last scattering” by electrons
(Scattering generates polarisation!) 

What powered  
the Big Bang?

What is dark matter/energy?



Achievements: Highlight (4.2021 – 3.2022)
Do the DM fields violate parity symmetry?
• New measurement and interpretation of “cosmic birefringence” 

• Diego-Palazuelos et al. (incl. EK), “Cosmic birefringence from the 
Planck Data Release 4”, published in PRL.


• Namikawa, “CMB mode coupling with isotropic polarization 
rotation”, published in MNRAS.


• Obata, “Implications of the cosmic birefringence measurement for 
the axion dark matter search”, arXiv:2108.02150.


• Nakatsuka, Namikawa, EK, “Is cosmic birefringence due to dark 
energy or dark matter? A tomographic approach”, arXiv:2203.08560.


• Gasparotto, Obata, “Cosmic birefringence from monodromic axion 
dark energy”, arXiv:2203.09409.

This Talk

The 
following 

talks
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Achievements: Highlight (4.2021 – 3.2022)
Do the DM fields have a higher spin?

• Axion-SU(2) & U(1) systems during inflation and predictions for GWs 

• Ishiwata, EK, Obata, “Axion-gauge field dynamics with backreaction”, 
published in JCAP.


• Fujita, Murai, Obata, Shiraishi, “Gravitational wave trispectrum in the 
axion-SU(2) model”, published in JCAP.


• Campeti, Öszoy, Obata, Shiraishi, “New constraints on axion-gauge 
field dynamics during inflation from Planck and BICEP/Keck data sets”, 
arXiv:2203.03401.
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What is dark matter/energy?

How does the electromagnetic wave of the CMB propagate?

Today’s topic
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Cosmic Birefringence
The Universe filled with a “birefringent material”

• If the Universe is filled with a pseudoscalar field (e.g., an axion field) coupled 
to the electromagnetic tensor via a Chern-Simons coupling:

Carroll, Field & Jackiw (1990); Carroll & Field (1991); Harari & Sikivie (1992)

Ni (1977); Turner & Widrow (1988)

Chern-Simons term

F̃µ⌫ =
X

↵�

✏µ⌫↵�

2
p
�g

F↵�

<latexit sha1_base64="CnR8m7MZ7da9JK2Yk4EjnCBGqoo="></latexit>

X

µ⌫

Fµ⌫F
µ⌫ = 2(B ·B�E ·E)

<latexit sha1_base64="OHviC/b/ejQkfCvB47ixWSIdxmE="></latexit>

Parity Even Parity Odd

X

µ⌫

Fµ⌫ F̃
µ⌫ = �4B ·E

<latexit sha1_base64="PSQ34dSfJQocuVsztuCH1SV+nhw=">AAACMHicbZBNSwMxEIazftb6VfXoJVgEL5ZdqehFkIofRwVrhW4t2Wy2BrPZJZkIZdmf5MWfohcFRbz6K0xrFW0dCDx5Z4aZeYNUcA2u++yMjU9MTk0XZoqzc/MLi6Wl5QudGEVZnSYiUZcB0UxwyerAQbDLVDESB4I1gpuDXr5xy5TmiTyHbspaMelIHnFKwErt0rGvTdzO/Nj40uRHP+QDFyHLjvKrb2Vvs2qRwHUQ4Vru0zCBn/9h3i6V3YrbDzwK3gDKaBCn7dKDHybUxEwCFUTrpuem0MqIAk4Fy4u+0Swl9IZ0WNOiJDHTrax/cI7XrRLiKFH2ScB99XdHRmKtu3FgK3sb6uFcT/wv1zQQ7bYyLlMDTNKvQZERGBLccw+HXDEKomuBUMXtrpheE0UoWI+L1gRv+ORRuNiqeNXK9lm1vF8b2FFAq2gNbSAP7aB9dIJOUR1RdIce0Qt6de6dJ+fNef8qHXMGPSvoTzgfn14Dq44=</latexit>

14

This “axion” field can be  
dark matter  

or dark energy!



Cosmic Birefringence
The Universe filled with a “birefringent material”

• If the Universe is filled with a pseudoscalar field (e.g., an axion field) coupled 
to the electromagnetic tensor via a Chern-Simons coupling:
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“Cosmic Birefringence”
This term makes the phase velocities of right- and left-handed polarisation states 

of photons different, leading to rotation of the linear polarisation direction.

Ni (1977); Turner & Widrow (1988)

This “axion” field can be  
dark matter  

or dark energy!

Carroll, Field & Jackiw (1990); Carroll & Field (1991); Harari & Sikivie (1992)



Standard Maxwell Theory
Warm up (1)
• To isolate a transverse wave, we require A0=0 and div(Ai)=0. Then, in vacuum,


• Go to Fourier space, choose the propagation direction of Ai to be in z-axis, 
and define right- and left-handed polarisation states as
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• A+: Right-handed state


• A–: Left-handed state



Standard Maxwell Theory
Warm up (2)
• To isolate a transverse wave, we require A0=0 and div(Ai)=0. Then, in vacuum,


• Go to Fourier space, choose the propagation direction of Ai to be in z-axis, 
and define right- and left-handed polarisation states as
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• A+: Right-handed state


• A–: Left-handed state

Same dispersion relation for 

right- and left-handed states



Cosmic Birefringence
Derivation (1)
• Now, include the Chern-Simons term!


• The equation of motion is modified to
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(θ’ = ∂θ/∂η)

Carroll, Field & Jackiw (1990); Carroll & Field (1991); Harari & Sikivie (1992)
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Carroll, Field & Jackiw (1990); Carroll & Field (1991); Harari & Sikivie (1992)



Cosmic Birefringence
Derivation (1)
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Phase velocities of right- 

and left-handed states 

are slightly different!

Carroll, Field & Jackiw (1990); Carroll & Field (1991); Harari & Sikivie (1992)



Cosmic Birefringence
Derivation (2)
• With


• The plane of linear polarisation rotates clockwise on the sky by an angle β:
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Phase velocities of right- 

and left-handed states 

are slightly different!

The effect accumulates over the distance! 
=> CMB polarisation is sensitive to this effect

Carroll, Field & Jackiw (1990); Carroll & Field (1991); Harari & Sikivie (1992)



Cosmic Birefringence
Recap

• If the Universe is filled with a pseudoscalar field (e.g., an axion field) coupled 
to the electromagnetic tensor via a Chern-Simons coupling:
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Ni (1977); Turner & Widrow (1988)

This “axion” field can be  
dark matter  

or dark energy!

Carroll, Field & Jackiw (1990); Carroll & Field (1991); Harari & Sikivie (1992)

The difference between 
the fields values at the 

end points gives β.
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Ni (1977); Turner & Widrow (1988)

This “axion” field can be  
dark matter  

or dark energy!

Carroll, Field & Jackiw (1990); Carroll & Field (1991); Harari & Sikivie (1992)

If θ varies over space:
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First measurement: 2.4σ
β = 0.35 ± 0.14 (68%CL)
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Credit: Yuto Minami (Osaka U.)



25 Now it is 3.3σ.

β = 0.30 ± 0.11 (68%CL)

Credit: Yuto Minami (Osaka U.)

With the latest 
Planck data release:

Accounting for the effect 
of Galactic foreground:

β = 0.36 ± 0.11 (68%CL)



Interpretation and the possible way forward
• See the following presentations by Toshiya and Ippei.

arXiv:2203.08560

arXiv:2108.02150
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