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Lower bound:
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With our new GW 
production mechanism,
even low energy models
can have detectable GW
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introduction

Our scenario
GW version of Curvaton mechanism

ℒinflaton + ℒspectator

𝜌inf 𝜌spec≫

𝒫GW
vac ≪ 𝒫GW

spec

𝐻inf Source
ℒspec is added

just to produce

GW during inf.

ℒinf is arbitrary

and responsible

for 𝜁 generation.

[Enqvist&Sloth(2002), 

Lyth&Wands(2002),

Moroi&Takahashi(2002)]



Model

How’s it work?
Adding axion-SU(2) gauge spectator sector

ℒ = ℒinflaton

+
1

2
𝜕𝜒 2 − 𝜇4 cos

𝜒

𝑓
+ 1

−
1

4
𝐹𝜇𝜈
𝑎 𝐹𝑎𝜇𝜈 −

𝜆

4𝑓
𝜒𝐹𝜇𝜈

𝑎  𝐹𝑎𝜇𝜈

[cf. Chromo-natural inflation: Adshead&Wyman(2012)]

Very well motivated terms in HEP (e.g. String, SUGRA)



Model

How’s it work?
Adding axion-SU(2) gauge spectator sector

ℒ = ℒinflaton

+
1

2
𝜕𝜒 2 − 𝑈 𝜒

Inflaton sector

Axion- SU(2) gauge spectator sector

𝒫GW
spec

𝒫𝜁

Decoupled

−
1

4
𝐹𝐹 −

𝜆

4𝑓
𝜒𝐹  𝐹



Model

2 Key Points
Background SU(2) field

Source GW at 1st order pert.

①

 𝜒 rolling down 𝑉 𝜒 Attractor   𝐴𝑖
𝑎 = 𝛿𝑖

𝑎𝑎 𝐴𝐵𝐺 𝑡

[Maleknejad&Erfani(2014)]



Model

BG dynamics
𝑉(𝜒)

𝜒𝐵𝐺

𝜒𝐵𝐺

𝑉eff 𝐴𝐵𝐺

𝐴𝐵𝐺

𝐴𝐵𝐺

≃
1

2
𝐻2𝐴𝐵𝐺

2 +
𝜇4 sin

𝜒

𝑓

3𝑔𝜆 𝐴𝐵𝐺
+⋯

SU(2) gauge field has non-zero vev

while 𝜒 is slowly rolling down its potential. 
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 𝜒 rolling down 𝑉 𝜒 Attractor   𝐴𝑖
𝑎 = 𝛿𝑖

𝑎𝑎 𝐴𝐵𝐺 𝑡

EMT of  𝐴𝑖
𝑎 is isotropic FRW universe

1st order EMT has  𝐴𝑖
𝑎𝛿𝐴𝑗

𝑎 ℎ𝑖𝑗
sourced at linear



Model

2 Key Points

Huge amplification only for tensor not scalar②

𝛿𝐴𝑗
𝑎 = 2 scalar + 2 vector + 2 tensor

𝑡𝑅 + 𝑡𝐿No instability

Either of them gets amplified



Instability of Chiral Tensor

ℎ𝑅,𝐿
′′ + 1 −

2

𝑥2
ℎ𝑅,𝐿 = 𝒪 Ω𝐴

1/2
𝑡𝑅,𝐿

𝑡𝑅,𝐿
′′ + 1 +

2𝑚𝑄𝜉

𝑥2
∓

2

𝑥
𝑚𝑄 + 𝜉 𝑡𝑅,𝐿 = 𝒪 Ω𝐴

1/2
ℎ𝑅,𝐿

Use L/R tensor polarization, ℎ𝑅,𝐿 ≡ ℎ+ ± 𝑖ℎ× / 2,

Tensor EoMs are 

𝜖𝑖𝑗𝑘 terms make 𝑡𝑅 instable (but not 𝑡𝐿)

ℎ𝑅 ≫ ℎ𝐿 : Chiral GW is generated!

𝑚𝑄 ≡ 𝑔𝐴𝐵𝐺/𝐻

𝜉 ≡ 𝜆  𝜒/2𝑓𝐻

𝐴𝑖
𝑎 ≡ 𝑎𝛿𝑖

𝑎𝐴𝐵𝐺

𝐹𝐹 ⊃ 𝑔𝜖𝑖𝑗𝑘𝐴𝑖𝐴𝑗𝜕𝐴𝑘 , 𝜒𝐹  𝐹 ⊃  𝜒𝜖𝑖𝑗𝑘𝐴𝑖𝜕𝑗𝐴𝑘

ℎ𝑅

𝑡𝑅

ℎ𝐿 𝑡𝐿

Peak amp.~ 𝑒1.8𝑚𝑄

𝑚𝑄 ≡
𝑔𝐴𝐵𝐺

𝐻
= 7
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Model

SU(2)

Scalar 

pert.

𝛿𝜒

𝛿𝑄

𝑀

Smaller than normal case. No instability for 𝑔𝐴𝐵𝐺 > 2𝐻

They don’t contribute to 𝜁 unless 𝜒 becomes Curvaton.



Model

2 Key Points

Background SU(2) field

Source GW at 1st order pert.

①

Huge amplification only for tensor not scalar②

Enhance 𝑟 without boosting 𝒫𝜁
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Result

Sourced GW ℎ𝑖𝑗
(𝑠)

can be much larger

than vacuum ℎ𝑖𝑗
vac

(mild case)
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𝑟 ≳ 10−70
Lower bound:

𝑟 < 7 × 10−2
Upper bound:
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With our new GW 
production mechanism,
even low energy models
can have detectable GW



Model

Result (𝜌inf
1/4

= 0.03GeV)

Full numerical result w/ back reaction



Preliminary

Possible obstacles

① Scalar perturbations:

② Spectral index:

③ Energy hierarchy:

④ Backreaction:

⑤ Perturbativity:

𝛿𝜒, 𝛿𝑄,𝑀 → 𝜁

𝜌𝐴 →  𝐻 → 𝜙 EoM → 𝑛𝑠

𝜌𝜒 > 𝜌𝐴 > 𝜌𝑡𝑅

𝑡𝑅𝑡𝑅 → EoM of 𝜒, 𝐴BG

𝑡𝑅𝑡𝑅 Tree > 1loop

✔
✔
✔

✔

✔

[TF, Namba & Tada, 1707.03023]



Model

Result (𝜌inf
1/4

= 0.03GeV)

Full numerical result w/ back reaction

You can enhance 𝑟
as much as you want!



Observation

Bad news

𝜌inf
1/4

≈ 1016GeV
𝑟

0.001

1/4

Without 𝒫GW
source, we believed

for observationalists

However, the correct energy scale might be

𝜌inf
1/4

≈ 10−1GeV if 𝒫𝐺𝑊
𝑠 ≫ 𝒫𝐺𝑊

vac

Other observables to distinguish 𝒫𝐺𝑊
𝑠 & 𝒫𝐺𝑊

vac



Observation

3 Unique signatures

P Polarization ℎ𝑅 ≠ ℎ𝐿 TB&EB correlation 

Tensor Non-Gaussianity ℎℎℎ large 𝐵ℎ
equil

Tensor tilt 𝑛𝑡 𝑛𝑡 = −𝑟/8✕



introduction

TB, EB correlation
Chiral GW induces TB & EB cross correlations

𝑇𝐵 , 𝐸𝐵 ∝ ℎ𝑅ℎ𝑅 − ℎ𝐿ℎ𝐿

𝑇𝑇 , 𝑇𝐸 , 𝐸𝐸 , 𝐵𝐵 ∝ ℎ𝑅ℎ𝑅 + ℎ𝐿ℎ𝐿

By detecting TB & EB correlations,

we can distinguish ℎ(𝑠) from ℎvac



Observation

LiteBIRD
Will be launched in 2020s

Aims to detect 𝑟 ≥ 10−3

CMB satellite mission



Observation

S/N for TB+EB

w/ lensing effect (no delensing)

LiteBIRD instrumental noise

2% foreground contamination



S/N ratio for TB+EB with noises



Cosmic Variance limited case



Observation

Excellent Template

𝒫ℎ
(𝑠)

takes Gaussian shape.

𝜎 ≈ 0.3Δ𝑁,

𝑘𝑝 = arbitrary (depend on 𝜒𝑖)

𝒫ℎ

𝑘

𝑘𝑝

𝜎

𝑟∗𝒫𝜁Δ𝑁 ≡
𝜆

2𝜉∗
.



Observation

S/N for TB+EB

w/ lensing effect (no delensing)

LiteBIRD instrumental noise

2% foreground contamination

TB + EB can be detected

by LiteBIRD for 𝑟 > 0.03.



Observation

Non-Gaussianity
Large ℎ𝑅ℎ𝑅ℎ𝑅 Large 𝑡𝑅𝑡𝑅𝑡𝑅

The EoM for SU(2) gauge field is non-linear



Observation

Result



Observation

Non-Gaussianity

The NG shape is almost equilateral (cos 𝜃 ≈ 0.9)



Observation

Non-Gaussianity

Relationship btw NG and energy fraction of 𝐴𝐵𝐺

The current observational bound from Planck is

It may be observed in next CMB observations!



Summary

𝑟𝑜𝑏𝑠 = 𝑟vac + 𝑟add
Larger GW than ℎvac can be produced

Distinguishable w/ 

Polarization ℎ𝑅 ≠ ℎ𝐿 TB&EB correlation 

Non-Gaussianity ℎℎℎ large 𝐵ℎ
equil

Tensor tilt 𝑛𝑡 𝑛𝑇 = −𝑟/8

Axion-SU(2) model

𝑟obs doesn’t fix 𝜌inf

✕

LiteBIRD will detect!

Lowest 𝜌inf can have 𝑟 = 10−3

𝜌inf
1/4

≥ 0.1GeV𝑟 ∝ 𝐻2 exp[3.6𝑚𝑄]



Thank you！

Fin


