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Left-right Symmetry
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◼ Symmetry is crucially important in modern physics.

◼ Parity sym. = left-right sym. = reflectional sym.

◼ Classical dynamics, Electromagnetism, etc. respect this symmetry.



Violation of Parity Sym.
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◼ In reality, however, parity sym. is often broken.

Weak nuclear force Chiral molecule
(enantiomer)

DNA Right-left
handed
people

◼ Is this symmetry preserved on the largest scale??



Birefringence
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◼ Birefringent material rotates linear polarization plane

Crystal

◼ The rotation can be clock-wise and counter-clock wise.
Material structure determines either of them happens.
⇒ Parity symmetry is violated (by the structure).

𝑧
𝑥

𝑦

Polarized photon

Birefringent material

Polarization rotated !!

◼ We found cosmic birefringence (= birefringence in vacuum space)
in the big bang light.



Cosmology
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Cosmology
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◼ The photons propagating from hot big bang are observed today!



Cosmic birefringence
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◼ Planck gave us detailed polarization map of big bang light.

◼ Minami&Komatu(2020) found its optical rotation about 0.3 deg.

◼ What can cause such “cosmic birefringence”?



Outline of Talk

1.   Cosmic Birefringence

2.   ALP Dark Energy

3.   Early Dark Energy

4.   Summary



The standard cosmology
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◼ Dark Energy (DE)

• Measuring the current Hubble parameter 
indicates the accelerated expansion.

• Dynamics : constant or scalar potential 𝑉(𝜙)
which slowly rolling 

𝑤 ≡
ሶ𝜙2−2𝑉 𝜙

ሶ𝜙2+2𝑉 𝜙
, −1 ≤ 𝑤 < −0.95 (95% C.L.)

credit:WMAP

Energy component of current universe

, [Planck2018]

◼ ΛCDM Paradigm

• All the cosmological observations are
explained by the DE+DM universe. 
(but the Hubble tension…)



Review of Cosmic Birefringence 
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“cosmic birefringence angle β”

New signal?
“finding β = 0.35 ± 0.14 deg (68% C.L.), which excludes β = 0 at 99.2% C.L.
This corresponds to the statistical significance of 2.4σ.”

What is Cosmic Birefringence ? 



11

◼ Polarization signal in Cosmic Microwave Background (CMB)

E-mode   /
Parity Even

B-mode
Parity Odd

𝑧
𝑥

𝑦

Polarized photon

Birefringent material

Credit: ESA

cosmic birefringence  =  polarization rotation signal How to measure ?

Polarization rotated !!

◼ Birefringent material rotates direction of polarization

Review of Cosmic Birefringence 



◼ With Cosmic Birefringence, 
• Mixing E-mode to B-mode

• Parity violating 𝐸𝑙𝐵𝑙′ is produced 

𝐸𝑙𝐵𝑙 =
1

2
𝐸𝑙𝐸𝑙 − 𝐵𝑙𝐵𝑙 sin 4𝛽
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◼ W/o cosmic birefringence, parity is conserved, 

• Parity of

• P 𝐸𝑙𝐵𝑙′ = − 𝐸𝑙𝐵𝑙′ , so when parity is conserved,

𝐸𝑙𝐵𝑙′ = P 𝐸𝑙𝐵𝑙′ = 0

Credit: ESA

ቆ
B−mode: P 𝐵 = −𝐵

E−mode: P 𝐸 = +𝐸

→
𝛽

Credit: Y.Minami/KEK

𝜷

𝐸

𝐵

Parity transformation

Minami&Komatsu reported isotropic rotation

𝛽 = 0.35 ± 0.14 deg

Polarization rotation

Review of Cosmic Birefringence 



Follow-up paper 1
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Follow-up paper 2
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Follow-up paper 3
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CMB Birefringence

OK, we found something, maybe either of

(i) Cosmic birefringence

(ii) New galactic signal 

Here let’s assume (i) and

consider what can cause it!
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ALP Dark Energy model

ALP DE model in a nutshell

ALP is a field 𝜑 𝑡, 𝒙 filling up

our universe and slowly 

rolling down its potential.

ALP rotates photon pol. plane

by 𝜃 = −𝑔Δ𝜑/2

Sign of ALP displacement

Δ𝜑 ≶ 0 violates parity sym.



◼ QCD axion

– Strong CP problem:

– One of the solutions is QCD axion:

◼ Axion-like particles by String Axiverse

“String theory predicts many ultralight axions”  

–  ALPs have mass nonperturbatively, which is exponentially suppressed:

–  ALP as Dark Matter:    10−22eV ≲ 𝑚𝜙

–  ALP as Dark Energy:     𝑚𝜙 ≲ 𝐻0 ∼ 10−33eV

19

Baker, et al. (2006) 

Marsh (2015) 

by the electric dipole moment of neutron

𝑚𝜙
2 ∝ 𝑒−𝑆inst𝜇4

𝑓2

(Conventional) motivation of ALPs

Peccei&Quinn. (1977)
Winberg(1978),Wilczek (1978)

Arvanitaki+ (2009)

Observational hints motivate the studies of ALP!



introduction

What characterizes ALPs?

ALP can be very light (𝑚 ≪≪ 1eV) by its shift sym.

ALP breaks parity

ALP may be coupled to photon!!



introduction

Interaction term:  ℒ𝜙𝛾 =
1

4
𝑔𝜙𝐹𝜇𝜈 ෨𝐹

𝜇𝜈 

Axion-Photon Coupling

Turner & Widrow (1988); Carroll, Field & Jackiw (1990); 
Carroll & Field (1991); Harari & Sikivie (1992)…



introduction

Interaction term:  ℒ𝜙𝛾 =
1

4
𝑔𝜙𝐹𝜇𝜈 ෨𝐹

𝜇𝜈 

Photon:

Axion:

𝜕𝑡
2 − 𝜕𝑖

2 𝑨 = −𝑔 ሶ𝜙𝛁 × 𝑨

𝜕𝑡
2 − 𝜕𝑖

2 +𝑚2 𝜙 = −𝑔 ሶ𝑨 ⋅ 𝛁 × 𝑨

Axion-Photon Coupling

Turner & Widrow (1988); Carroll, Field & Jackiw (1990); 
Carroll & Field (1991); Harari & Sikivie (1992)…



introduction

New terms!

Interaction term:  ℒ𝜙𝛾 =
1

4
𝑔𝜙𝐹𝜇𝜈 ෨𝐹

𝜇𝜈 

Photon:

Axion:

𝜕𝑡
2 − 𝜕𝑖

2 𝑨 = −𝑔 ሶ𝜙𝛁 × 𝑨

𝜕𝑡
2 − 𝜕𝑖

2 +𝑚2 𝜙 = −𝑔 ሶ𝑨 ⋅ 𝛁 × 𝑨

Axion-Photon Coupling

What if this axion is dark energy?

Turner & Widrow (1988); Carroll, Field & Jackiw (1990); 
Carroll & Field (1991); Harari & Sikivie (1992)…



introduction

Assume background DE axion

Photon EoM: 𝜕𝑡
2 − 𝜕𝑖

2 𝑨 = −𝑔 ሶ𝜙𝛁 × 𝑨

Birefringence

ሶ𝜙 ≃ ሶ𝜙0 ≈ const.

[Harari & Sikivie, Phys. Lett. B 289, 67 (1992)]



introduction

Photon EoM: 𝜕𝑡
2 − 𝜕𝑖

2 𝑨 = −𝑔 ሶ𝜙𝛁 × 𝑨

Birefringence

Dispersion relations of Left/Right Pol. are modified

𝜔𝐿,𝑅
2 = 𝑘2 1 ±

𝑔

𝑘
ሶ𝜙0  

Speed of light changes depending on polarization!

𝑖𝒌 × 𝒆𝐿,𝑅 = ± 𝒆𝐿,𝑅

[Harari & Sikivie, Phys. Lett. B 289, 67 (1992)]

Assume background DE axion

ሶ𝜙 ≃ ሶ𝜙0 ≈ const.



New Observation

Another consequence: Rotation of liner pol. Plane

Birefringence

Linear pol. Photon can be 
decomposed into circular pol.

With ADE BG
phase velocity
are different,

polarization
plane rotates

𝑡 + 𝑇𝑡



New Observation

Rotation angle synchronizes with Axion

Birefringence

Motion of the linear polarization plane

𝑉(𝜙)

𝜙



New Observation

Rotation angle synchronizes with Axion

Birefringence

Motion of the linear polarization plane

𝑉(𝜙)

𝜙

𝜃



◼ Axion-Photon coupling
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Harari&Sikivie (1992) 

𝛽

Polarization of Initial photon Observed polarization

𝜙𝑓𝜙𝑖

Δ𝜙

Ԧ𝐴
Ԧ𝐴

Axion causes CMB Biref.

Polarization rotation angle

𝛽 =
𝑔

2
∫ d𝜂

d𝜙

d 𝜂
=
𝑔

2
𝜙𝑓 − 𝜙𝑖

Lighter
Axion

◼ Different mass range

What kind of axion can
reproduce the observed β?



◼ How to calculate Cosmic Birefringence: 

• In this talk, focus on background motion.

𝜙(𝑡, 𝑥) = ത𝜙 𝑡 + 𝛿𝜙(𝑡, 𝑥)

• If 𝑉 𝜙 = 𝑚2𝜙2/2, background field dynamics is governed by axion mass 𝑚

ሷത𝜙 + 3𝐻 ሶത𝜙 + 𝑚2 ത𝜙 = 0 ,   H: Hubble expansion rate 

• Axion-photon coupling

𝑔 = 2 𝛽 ത𝜙 𝑡0 − ത𝜙 𝑡LSS
−1 , β = 0.35 deg 

30

𝜙

V(𝜙)
𝜙 𝑡LSS

𝜙 𝑡obs

Hereafter, we write ത𝜙 as 𝜙.

Determine axion-photon coupling 𝑔 for a given 𝑚

Axion causes CMB Biref.

(perturbations 𝛿𝜙 result in anisotropic birefringence signal:  
Pospelov, et.al., (2008),   Caldwell, et.al., (2011) )



• Model:  𝑉 = 𝑚2𝜙2/2

31

𝑚 ∶ axion mass

Ω𝜙: present energy fraction

Axion causes CMB Biref.

On the lines, the rolling axion
explains the observed β!!



• Model:  𝑉 = 𝑚2𝜙2/2
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𝑚 ∶ axion mass

Ω𝜙: present energy fraction

Axion causes CMB Biref.

• Axion dark energy

On the lines, the rolling axion
explains the observed β!!

For 𝑚 < 10−33eV, 
we find Ω𝜙,max = ΩΛ.

The axion explains the current
accelerated expansion, too! 

• We also study cos potential
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Hubble tension
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[A. G. Riess, et al. 2019]

Early Dark Energy (EDE) is scheme to alleviate “Hubble tension” problem.

◼ Discrepancy between:
• local astrophysical measurements at low redshifts (cosmic distance ladder)
• CMB and large scale structures 

How does EDE work?



Early dark energy alleviates 𝐻0 tension
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◼ EDE modify cosmology around last scattering.
• Reduce sound horizon at last scattering.
• Increase 𝐻0 estimated by CMB observation

𝐻0 ∼ 68 → (70 − 72)[km ⋅ s/Mpc]

◼ How to achieve the above dynamics?

• Before oscillation, V is almost constant
• After oscillation,  V decreases like or faster 

than radiation for n ≥ 2.

[Poulin+ 2018]

Energy fraction of each component Ω𝑋

roll down
(m ∼ H(t))

present Last scattering 

EDE modifies 
Hubble 

[Agrawal+ 2019]



Early dark energy alleviates tension
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◼ Required abundance of EDE
• 𝑎𝑐: scale factor to start oscillation
• 𝑓𝐸𝐷𝐸 𝑎𝑐 ≡ 𝜌𝜙(𝑎𝑐)/𝜌tot(𝑎𝑐): energy fraction at  𝑎𝑐

V. Poulin, et.al. (2018)

𝑎𝑐

𝑓𝐸𝐷𝐸 𝑎𝑐

Probability distribution by MCMC

V. Poulin, et.al. 2018

Does EDE produce cosmic birefringence?



Does EDE reproduce CMB Biref.?
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◼ Cosmic birefringence of EDE 

• Let 𝜙 have the CS coupling to photon 

• Convert (𝑓𝐸𝐷𝐸 , 𝑎𝑐) into (𝜙𝑖 , 𝑚𝜙)

by assuming 𝑓 = 𝑀𝑝𝑙

V. Poulin, et.al. 2018

Allowed mass range is limited for EDE.

𝑛 = 2
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𝑔 = 2 𝛽 𝜙 𝑡0 − 𝜙 𝐿𝑆𝑆
−1

(𝜙𝑖 , 𝑚) (𝑔,𝑚)

fine-tuning on 𝜙𝑖

𝛽 = 0.35 deg

chandra

The observed CMB birefringence

Does EDE reproduce CMB Biref.?
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n=3 case : 

n=2 case : 

EDE models typically constrained
𝑔 ∼ 10−20 − 10−17 GeV−1

Does EDE reproduce CMB Biref.?

◼ Other models
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• EDE model is expected to alleviate 

“Hubble tension problem”.

• ALP as EDE can explain reported rotation angle 

𝛽 ∼ 0.35 deg.

• Typical coupling constant is expected to be

𝑔 ∼ 10−20 − 10−17 GeV−1,

which means following nontrivial relation:

𝑔 ∼ 𝑀𝑃𝑙
−1.

Summary of EDE as ALP



Future Prospect of ALP EDE
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In this talk, I focused on the background 𝜙(t).

◼ fluctuation modes 𝛿𝜙(𝑥, 𝑡)
• Hubble fluctuation during inflation
• gravitational growth of adiabatic perturbation

• 𝛿𝜙𝑜𝑏𝑠: another source of isotropic rotation angle
• 𝛿𝜙𝐿𝑆𝑆: direction dependent rotation angle 

(anisotropic cosmic birefringence)
Pospelov, et.al., (2008), Caldwell, et.al., (2011) 

𝛿𝛽(ො𝑛) =
𝑔

2
−𝛿𝜙𝐿𝑆𝑆( ො𝑛)

Predicted sensitivity of 
anisotropic birefringence
for EDE L.M.Capparelli, et.al.(2019) 

Anisotropic cosmic birefringence is useful 
tool to investigate axion-photon coupling.



Other proposals

42

◼Axion domain walls

Any other ideas?

[Takahashi&Yin(arXiv:2012.11576)]

◼Axion Strings
[Jain, Long, & Amin(arXiv:2103.10962)]

◼Axion coupled to Dark matter
[Nakagawa, Takahashi&Yamada(arXiv:2103.08153)]

◼ Electroweak axion quintessence
[Choi, Lin, Visinelli&Yanagida(arXiv:2106.12602)]
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Summary

ALPs are a well-motivated DM/DE candidate

Its coupling to photon causes Birefringence

CMB may find cosmic birefringence 𝛽 = 0.34∘ ± 0.1∘.

It’d indicates parity violation in our universe.

Early Dark Energy which alleviates Hubble tension

can also explain cosmic birefringence if 𝑔𝑎𝛾 ∼ 𝑀Pl
−1

Simple models of slowly-rolling Axion can explain both

dark energy and cosmic birefringence

Anisotropic birefringence will be tested by future CMB obs.



Thank you！

Fin



Current constraint

𝒈

𝒎

Fuzzy
DM

QCD
Axion

ALP
Dark
Energy

Ultra-light
Dark matter
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