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Why is axion important?

It leads to verifying superstring theory and dark matter.

predicts

𝑎
𝑎

𝑎 𝑎

𝑎

CS term

Axion
Superstring 

theory

Chern-Simons(CS) gravity coupling constant
axion

Candidate for 
dark matter

CS term induces the circular polarization in GWs.

Axion and Chern-Simons gravity 1
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Is the circular polarization large enough to be observable?

How do we give the constraint on the coupling constant?

GWs

What we investigated in this work

axion domain wall

We constrain the coupling constant.
observing GWs with
circular polarization

Circular polarization is induced.

Purpose of this study 2
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- derivative

energy density 

Constraint by CMB

The domain wall solution

4
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iḣkm + ḣim,!
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i
k (0.5)

e(R)
ij =





1 i 0

i −1 0

0 0 0




, e(L)ij =





1 −i 0

−i −1 0

0 0 0




. (0.6)

!hR/L(t, z) = ±i
%2

Mp
[φ′!+ φ′′∂z] ḣR/L(t, z) . (0.7)

1

d2φ(z)

dz2
= λ(φ(z)2 − η2)φ(z) (0.1)

ε0123 =
1√
−g

(0.2)

φ(±∞) = ±η (0.3)

(2)

S =
M2

p

8

∫
d4x

[
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Right-handed GWs 𝑯𝑹	and left-handed GWs 𝑯𝑳	
follow different equations of motion!

Circular polarization
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η ! 1 MeV

HR/L(z) =
eiωz√
2ω

+RR/L
e−iωz

√
2ω

(6)

HR/L(z) = TR/L
eiωz√
2ω

(7)

(
1± ω#2

Mp
φ′
)
H ′′

R/L±
ω#2

Mp
φ′′H ′

R/L + ω2

(
1±ω#2

Mp
φ′
)
HR/L = 0 (8)

6

How to solve the EOM
EOM

Schrödinger type Eq.： 

HR/L = f (+)
R/L(z)−

B(+)
R/L

B(−)
R/L

f (−)
R/L(z) (36)

v(z) =
e−iωz

√
2ω

(37)

F (z) = 1± ω"2

Mp
φ′(z) (38)

H̃R/L =
√
F (z)HR/L (39)

Veff = −1

4

(
F ′

F

)2

+
1

2

F ′′

F
(40)
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Effective potential
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M2

p
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∫
d4x

[
ḣijḣij − hij,khij,k −

%2

Mp
εizk∂zφ

{
ḧm

iḣkm + ḣim,!

(
h!

k
,m − hm

k
,!
)}]

(0.4)

!hij =
%2

2Mp
εzik [φ′!+ φ′′∂z] ḣ

j
k +

%2

2Mp
εzjk [φ′!+ φ′′∂z] ḣ

i
k (0.5)

e(R)
ij =





1 i 0

i −1 0

0 0 0




, e(L)ij =





1 −i 0

−i −1 0

0 0 0




. (0.6)

!hR/L(t, z) = ±i
%2

Mp
[φ′!+ φ′′∂z] ḣR/L(t, z) . (0.7)

[
− d2

dz2
+ Veff(z)

]
H̃R/L = ω2H̃R/L , (0.8)

1

7
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Scattering problem

Degree of the circular polarization

region : I 

region : II 
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6

Just calculate         numerically
as a scattering problem!Π =

|TR|2 − |TL|2

|TR|2 + |TL|2
(25)

ds2 = −dt2 + (δij + hij)dx
idxj (26)

φ′ = ∂zφ (27)

ḣ = ∂th (28)

hi
j, i = hi

i = 0 (29)

hij = hR(t, z)e
(R)
ij + hL(t, z)e

(L)
ij (30)

hR/L(t, z) = HR/L(z)e
iωt (31)

ω%2

Mp
φ′ ≤ ω%2

Mp
η2 (32)

ωc ≡
Mp

%2η2
(33)
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𝑉#$$(𝑧)

O(1) (16)

σ =

∫
dzφ′2(z) ∼

√
λη3 (17)

σ ∝ η3 (18)

σ < (0.93 MeV)3 (19)

η < 1 MeV (20)
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HR/L = f (+)
R/L(z)−

B(+)
R/L

B(−)
R/L

f (−)
R/L(z) (36)

v(z) =
e−iωz

√
2ω

(37)

F (z) = 1± ω"2

Mp
φ′(z) (38)

H̃R/L =
√
F (z)HR/L (39)

Veff = −1

4

(
F ′

F

)2

+
1

2

F ′′

F
(40)

ω"2

Mp
φ′ =

ω"2

Mp
η2sech2 (ηz) (41)

9

η ! 1 MeV

HR/L(z) =
eiωz√
2ω

+RR/L
e−iωz

√
2ω

(6)

HR/L(z) = TR/L
eiωz√
2ω

(7)

(
1± ω#2

Mp
φ′
)
H ′′

R/L±
ω#2

Mp
φ′′H ′

R/L + ω2

(
1±ω#2

Mp
φ′
)
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𝜔/𝜔!

Π

Result

The degree of circular polarization

critical frequency

At 𝜔 ∼ 𝜔%, we can observe 
the circular polarization!!
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𝜎	~	𝜂& = (1MeV)3
ℓ	~10! km

𝜔ℓ" < 10#$ (eV)-1

𝜔"	~10#$ Hz𝑀' = 10() GeV

GWs

Circular polarization
𝜔 = 10#$ Hz

ℓ < 10% km

domain wall

𝜔ℓ"

𝑀&
𝜂" < 1

CMB

𝜎	~	(1MeV)3

Constraint on the coupling constant

ℓ < 10%	km Y. Ali-Haimoud, 
Y. Chen (2011)

the observation by Gravity Probe BConstraint on 𝜔	and ℓ

How to give the constraint
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Future Work
Enabling the observation of GWs across a broad frequency!

Π =
|TR|2 − |TL|2

|TR|2 + |TL|2
(25)

ds2 = −dt2 + (δij + hij)dx
idxj (26)

φ′ = ∂zφ (27)

ḣ = ∂th (28)

hi
j, i = hi

i = 0 (29)

hij = hR(t, z)e
(R)
ij + hL(t, z)e

(L)
ij (30)

hR/L(t, z) = HR/L(z)e
iωt (31)

ω%2

Mp
φ′ ≤ ω%2

Mp
η2 (32)

ωc ≡
Mp

%2η2
(33)
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Summary

𝜂 ： Energy of the domain wall
𝑀' : Plank mass

ℓ : coupling constant between axion and gravity

(Especially high frequency)

The degree of the circular polarization becomes large enough
to be observed at near the critical frequency.

Observing the circular polarization with increasing frequency, 
we can obtain constraints on the coupling constant ℓ.
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