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Relavant action
✓ In the first day, Soda-san has introduced  
　　the “relevant action” in this field/conference 
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inflation
✓ inflation is the accelerated expansion…

- see Peter’s talk



predictions of inflation
✓ due to the quasi-exponential expansion of the universe..

→ quantum fluctuations generate tensor perturbations = GWs

whose amplitude is O(H) and hence nearly scale-invariant

hij ⇠ O(H)
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✓ the Friedmann equation relates H with ρ :

3M2
pl H

2 = ⇢
<latexit sha1_base64="Y+M+CLTm7OBB5dtWfvftu9q5Q+I="></latexit>

☞ observing hij ~ H will determine the energy scale of inflation ??

- see Peter’s talk



NO !!!    h > H

see also

- Namba, Peloso, Shiraishi, Sorbo, Unal [2016]
- Dimastrogiovanni, Fasiello, Fujita [2017]  …

- Peter’s talk & work



Spectator axion-SU(2)
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⇒ hij = O(H) + h
source
ij [Aa]
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> O(H)

1, VEV at BG

Āa = �(t) �ai
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⇔ isotropy of BG

3, (sourced) chiral GWs

hsource
ij [Aa]
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⇔ GW source at 1st order

2, chirality in SU(2)

⇔ axion-SU(2) term
AL
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more simple model ??
✓ OK.. the result is great.. I don’t want to speak ill of  

     the previous models at all…

parity-violation 
in gravity chiral GWs

w/o SU(2)
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  but we have to assume  
 
  1, SU(2) fields have to couple with axion   [parity-violation] 
 
  2, SU(2) fields have specific BG VEVs 
 
  3, and then SU(2) fields source GWs



The model
✓ model : GR + GCS + axion  (spectator) + inflation
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generic term  
w/ shift-symmetryR R̃ = ✏↵���R↵�
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+ inflaton



Sato, Kanno & Soda
✓ Soda-san is great

RGB affects BG universe & GWs



The model
✓ model : GR + GCS + axion  (spectator) + inflation
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generic term  
w/ shift-symmetry

+ inflaton

✓ BG evolution :

+ ρaxion3M2
plH

2 =
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GWs from GCS
✓ GWs propagating in z-direction  ⇒  helicity decomposition
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{
✓ quadratic action for GWs :

origin of chirality

SGW =

Z
dt d3x a3
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nature of GWs
✓ action for the canonically normalised GW,       = z± h :eh
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preliminary result

t
end of inflation

hR 

hL 

1� h/hGR
<latexit sha1_base64="/5oRSTIO4sRpUI0zGfkOZRh2SXQ="></latexit>

hL → hGR

7% amplification.. 



theoretical subtleties
✓ UV-behaviour of GWs :

✓ By tuning the functional form of P [(∇χ)2], GWs can be  
   amplified (as much as you want). 

→ but… instabilities in scalar perturbations can show up

→ since the GCS includes more spatial derivatives, 
      it can dominate on small scales..
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conclusion
✓ We have considered a model with the gravitational Chern- 

  Simons term keeping the shift-symmetry of axion.


✓ With the nice form of axion’s kinetic term, the amplitude of  
  sourced GWs can be larger than that from vacuum fluct.


✓ Despite this interesting results, there are several theoretical  
  subtleties which should be overcome.. 
     -- UV behaviour of GWs 
     -- stability of axion  



Thank you very much


