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Birefringence

Some crystals have varying refractive index depending on 
polarization, splitting two linear polarization by refracting them 
into different directions:
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Cosmic Birefringence

If the Universe is filled with a pseudoscalar field, such as an 
axion, couple to photon by the Chern-Simons term:

ℒ =
1
2

∂μθ∂μθ −
1
4

FμνFμν +
1
2

gaθFμνF̃μν

Integration by part, and the Bianchi identity ( ):∂νF̃μν = 0

ℒCS =
1
2

gaθFμνF̃μν = − gaAν(∂μθ)F̃μν ≡ AνJν

Ni (’77); Turner & Widrow (’88); Carroll, Field & Jackiw (’90); Carroll & Field (’91); Harari & Sikivie (’92)  
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Cosmic Birefringence

∇ × E = −
∂B
∂t

∇ ⋅ B = 0

∇ ⋅ E = − ga(∇θ) ⋅ B

∇ × B =
∂E
∂t

+ ga(
·θB − E × ∇θ)

Ni (’77); Turner & Widrow (’88); Carroll, Field & Jackiw (’90); Carroll & Field (’91); Harari & Sikivie (’92)  

The Maxwell’s equations
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Cosmic Birefringence

The Maxwell’s equations become the wave equations:

Assumptions: small ,  caring much slower than  and .ga θ E B

−
∂2E
∂t2

+ ∇2E = ga [ ·θ
∂B
∂t

− (∇θ ⋅ ∇)B]
−

∂2B
∂t2

+ ∇2B = − ga [ ·θ
∂E
∂t

− (∇θ ⋅ ∇)E]

∇ × E = −
∂B
∂t

∇ ⋅ B = 0

∇ ⋅ E = − ga(∇θ) ⋅ B

∇ × B =
∂E
∂t

+ ga(
·θB − E × ∇θ)

Ni (’77); Turner & Widrow (’88); Carroll, Field & Jackiw (’90); Carroll & Field (’91); Harari & Sikivie (’92)  
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Cosmic Birefringence

The Maxwell’s equations become the wave equations:

Dispersion for right-handed(+) and left-handed (-) polarizations:

, or to linear order in , ω2
± = k2 ± gak

·θ ga ω± = k ± 1
2

gak
·θ

−
∂2E
∂t2

+ ∇2E = ga [ ·θ
∂B
∂t

− (∇θ ⋅ ∇)B]
−

∂2B
∂t2

+ ∇2B = − ga [ ·θ
∂E
∂t

− (∇θ ⋅ ∇)E]

∇ × E = −
∂B
∂t

∇ ⋅ B = 0

∇ ⋅ E = − ga(∇θ) ⋅ B

∇ × B =
∂E
∂t

+ ga(
·θB − E × ∇θ)

Ni (’77); Turner & Widrow (’88); Carroll, Field & Jackiw (’90); Carroll & Field (’91); Harari & Sikivie (’92)  
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Cosmic Birefringence

If the Universe is filled with a pseudoscalar field, such as an 
axion, couple to photon by the Chern-Simons term:

ℒ =
1
2

∂μθ∂μθ −
1
4

FμνFμν +
1
2

gaθFμνF̃μν

The coupling makes the phase velocities of two circular 
polarization state diverge: ω± = k ± 1

2
gak

·θ

  Linear polarization rotates with → β =
1
2

ga ∫ dt ·θ

Ni (’77); Turner & Widrow (’88); Carroll, Field & Jackiw (’90); Carroll & Field (’91); Harari & Sikivie (’92)  



Dong Woo Kang (JBNU) 2024-01-25High1 Workshop on Particle,  String and Cosmology

8

Cosmic Birefringence
Linear polarization rotates with β =

1
2

ga ∫ dt ·θ

Credit: Y.Minami

Ni (’77); Turner & Widrow (’88); Carroll, Field & Jackiw (’90); Carroll & Field (’91); Harari & Sikivie (’92)  
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Temperature map of the CMB

maximum likelihood posterior map 
Plank Collaboration
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Polarization of CMB
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Polarization of CMB
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Polarization map of the CMB

Plank map smoothed with  filter5∘
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E-mode : Polarization directions are parallel or perpendicular to 
the wave number direction

B-mode : Polarization directions are  tilted with respect to the 
wave number direction

45∘

Seljak & Zaldarriaga (‘97); Kamionkowski, Kosowsky & Stebbins (’97) 

E- and B-mode of linear polarization

Hot Cold Hot Cold
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E- and B-mode of linear polarization
Seljak & Zaldarriaga (‘97); Kamionkowski, Kosowsky & Stebbins (’97) 

Cold

E :

B :

Parity flip

For the parity flip, E-mode remains the same,  
whereas B-mode change the sign

Hot Cold

E :

B :

Cold Hot Cold
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Two-point correlation functions invariant under the parity flip: 

 

 

⟨EℓE*ℓ′ 
⟩ = (2π)2δ(2)

D (ℓ − ℓ′ )CEE
ℓ

⟨BℓB*ℓ′ 
⟩ = (2π)2δ(2)

D (ℓ − ℓ′ )CBB
ℓ

⟨TℓE*ℓ′ 
⟩ = ⟨T*ℓ Eℓ′ 

⟩ = (2π)2δ(2)
D (ℓ − ℓ′ )CTE

ℓ

The other combinations and  are not invariant 
under the parity flip:

⟨TℓB*ℓ′ 
⟩ ⟨EℓB*ℓ′ 

⟩

We can use these combinations to probe parity-violating physics 
(e.g., Axions)

E- and B-mode of linear polarization
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Cosmic Birefringence (WMAP + Planck)

Miscalibration angles 
Make only small 
contributions thanks to 
the cancellation.

 for χ2 = 65.3 DOF = 72
       β = 0.34∘ ± 0.09∘ 3.6σ

Eskilt & E. Komatsu, 2205.13962
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Frequency dependence?

For , β ∼ (ν/150 GHz)n n = − 0.2+0.41
−0.39(68 % CL)

Faraday rotation ( ) 
is disfavoured.

n = − 2

Eskilt (2022); Eskilt & E. Komatsu, 2205.13962
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• Axion or axion-like field is the simplest model that can 
explain cosmic birefringence. 

• But, what else can generate cosmic birefringence?

Motivation

• The energy budget of our Universe is dominated by two 
dark components: Dark Matter and Dark Energy  

• What if cosmic birefringence is coming from dark sector?  

• Thus, detection of parity-violating physics in polarization 
of the CMB can shed light on our understanding of dark 
sector.
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Dark CMB
Lee, Kang, Gong, Jeong, Jung, and Park (2022)  

Dark Birefringence

Birefringence via mixing

(Dark) Axion (like) field 
Cosmic neutrino background ?  

Dark neutrino ? 
…..
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Dark CMB
Lee, Kang, Gong, Jeong, Jung, and Park (2022)  

Dark Birefringence

Birefringence via mixing

(Dark) Axion (like) field 
Cosmic neutrino background ?  

Dark neutrino ? 
…..𝒪d

Λd
XμνX̃μν
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Mixing photon with dark photon
An alternative route to generate cosmic birefringence by kinetic 
mixing between the photon and massless dark photon:

ℒ = −
1
4

̂Fμν ̂Fμν −
1
4

X̂μνX̂μν −
ε
2

̂FμνX̂μν

Diagonalizatoin: ( ̂Aμ

X̂μ) = ( 1 0
−ϵ 1) (Aμ

Xμ)

Lee, Kang, Gong, Jeong, Jung, and Park (2022)  

The interaction terms:
eJμ

̂Aμ + eXJXμX̂μ ≈ eXJXμXμ + (eJμ − εeXJXμ) Aμ

SM photons couple to the dark-sector current, which is 
constrained by the milli-charged particle search in LEP and LHC.
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Dark CMB
Lee, Kang, Gong, Jeong, Jung, and Park (2022)  

ϵF ⋅ X ⇒ βγ ∼ ϵ
IX

ICMB
sin βX

Birefringence via mixing

Dark Birefringence

𝒪d

Λd
XμνX̃μν
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Coupled Maxwell’s equations

Maxwell’s equation for SM photon and dark photon

∂μXμν = 4πJν
X

∂μF̃μν = 0

∂μX̃μν = 0

∂μFμν = 4π (Jν + ϵJν
X)
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Coupled Maxwell’s equations
Maxwell’s equation for SM photon and dark photon

∂μXμν = 4πJν
X

∂μF̃μν = 0

∂μX̃μν = 0

∂μFμν = 4π (Jν + ϵJν
X)

We solve these equations by defining :A′ μ = Aμ − ϵXμ

∂μF′ μν = 4πjν ∂μF̃′ μν = 0

Dark photon has a relative phase  at the CMB-decoupling time.α

Dark photon has birefringence  since the CMB-decoupling 
time.

βX
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Induced Birefringence

Initial misalignment (random) Induced Birefringence
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Polarization of tensor
Lee, Kang, Gong, Jeong, Jung, and Park (2022)  

• Density matrix in terms of Stokes parameters



Dong Woo Kang (JBNU) 2024-01-25High1 Workshop on Particle,  String and Cosmology

27

Polarization of SM Photon
Lee, Kang, Gong, Jeong, Jung, and Park (2022)  

• Density matrix after mixing

ϵF ⋅ X ⇒ βγ ∼ ϵ
IX

ICMB
sin βX
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Lee, Kang, Gong, Jeong, Jung, and Park (2022)  

• Density matrix after mixing

• Induced cosmic Birefringence  

If  is random, isotropic birefringence   at ,  

However, 

α βiso = ⟨β( ̂n)⟩ = 0 𝒪(ϵ)

βiso = ⟨β( ̂n)⟩ ≃ ϵ2βX

Observational Implications

The recently reported cosmic birefringence at 3.6-σ level of ◦ βiso ∼ 0.35 ≃ 6.1 × 10−3
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Observational Implications
Lee, Kang, Gong, Jeong, Jung, and Park (2022)  

• Density matrix after mixing

• Induced cosmic Birefringence 

Anisotropic birefringence  at , 𝒪(ϵ2)
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Observational Implications
Lee, Kang, Gong, Jeong, Jung, and Park (2022)  

• Density matrix after mixing

• Circular Polarization 

≤ 𝒪(10μK)
[Nagy et al. (SPIDER) (2017)]

The non-vanishing  is a characteristic feature of our model with kinetic mixing.

Only a negligible amount of circular polarization is generated from the axion only scenario. 

V ∼ U
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• Spectral distortion

For the blackbody photon,

The frequency dependence is weak for the low .

At high frequencies in the Wien tail, the intensity of dark photon is suppressed so 
the effect on the CMB polarization become tiny. 

Current bounds on the spectral distortion is  and expected to be improved 
up to . 

k

𝒪(10−5)
𝒪(10−8)

TX ≡ rTγ

To satisfy the  constraint from Planck, Neff r < 0.4 [Gurian, Jeong, Ryan, and Shandera (2021)]

[Kogut, Abitbol, Chluba, Delabrouille, Fixsen, Hill, Patil, and Rotti (2019)]

Observational Implications
Lee, Kang, Gong, Jeong, Jung, and Park (2022)  
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Conclusion
Evidence of Parity violation in Universe  

- Cosmic birefringence has been measured with  significance. and 
more (e.g.) galactic 4 point functions

3.6σ

We study the effect of birefringent dark photon that mixes with photon 
with mixing parameter ϵ

ϵF ⋅ X ⇒ βγ ∼ ϵ
IX

ICMB
sin βX

The detection of parity-violating physics in polarization of the CMB will 
shed light on our understanding of dark sector.
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Thank You for Attention!


