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GWs
• LIGO/Virgo/Kagra (and coming): new window, with impressive views! 

• From HEP perspective: relic stochastic GWB

EWQCD



GWs
• LIGO/Virgo/Kagra (and coming): new window, with impressive views! 

• From HEP perspective: relic stochastic GWB 

• E.g., LVK sensitive to cosmological phase transitions at T~108 GeV 

                         —> close to a usual suspect: Peccei-Quinn scale, 109 — 1011 GeV



Can we probe axion physics with LVK, already??
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- Intro 

I) GWs from Peccei Quinn bubbles 

II) GWs from high quality defects 

 109 GeV < fa < 1011 GeV
post-inflationary PQ— most constrained, but still viable



I) GWs from Peccei Quinn bubbles



Can the PQ transition be 1st order? 

     

arXiv:1912.07587 
JHEP 04 (2020) 195 

also JHEP 04 (2020) 025 
Delle Rose, Panico, Redi, Tesi



Can the PQ transition be 1st order? 

     

Yes, depending on the 
type of PQ model

arXiv:1912.07587 
JHEP 04 (2020) 195 

also JHEP 04 (2020) 025 
Delle Rose, Panico, Redi, Tesi
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transition completed

“ABC” of (1st order) cosmological phase transitions
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1)    sensitivity reach to PTs

already 
ruling-out 
some 
parameter 
space!

(solid lines)

LIGO O5

ET



• KSVZ (Kim, Shifman, Vainshtein, Zakharov) 

• DFSZ (Dine, Fischler, Srednicki, Zhitnitsky)

=> extra heavy quarks with PQ-charge

=> extra Higgs doublet with PQ-charge

2)    Axion models with strong PT



DFSZ can do it !

      is ~ 1 order of 
magnitude below
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2)    Axion models with strong PT



KSVZ/DFSZ can be embedded in larger new physics sectors  

- SUSY version of KSVZ also works 

- Strong dynamics as well 

2)    Axion models with strong PT



Phys.Rev.Lett. 126 (2021) 15, 151301 
arXiv:2102.01714

=> some models are already ruled out



• LIGO/Virgo are sensitive to cosmological phase transitions in the early 
universe at around                    — HEP! 

• Detectable signals arise if sufficient supercooling,   

• Prospects for the ET are very good 

• Very relevant for axion physics: PQ phase transition 

• Detectable PQ models: DFSZ, strong dynamics, SUSY-KSVZ… 

• Complementary to other gravitational axion tests from superradiance

Conclusions
108GeV

<latexit sha1_base64="wry42f7EN997HZrYMooT8iFx3hY=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokI9lj0oMcK9gPaWDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3nlBpHst7M07Qj+hA8pAzaqzU9tyHKrnBZq9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx274ScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE1b9jMskNSjZfFGYCmJiMn2e9LlCZsTYEsoUt7cSNqSKMmMjKtoQvMWXl0nzvOK5Fe/uoly7yuMowDGcwBl4cAk1uIU6NICBgGd4hTfn0Xlx3p2PeeuKk88cwR84nz9nX47j</latexit><latexit sha1_base64="wry42f7EN997HZrYMooT8iFx3hY=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokI9lj0oMcK9gPaWDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3nlBpHst7M07Qj+hA8pAzaqzU9tyHKrnBZq9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx274ScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE1b9jMskNSjZfFGYCmJiMn2e9LlCZsTYEsoUt7cSNqSKMmMjKtoQvMWXl0nzvOK5Fe/uoly7yuMowDGcwBl4cAk1uIU6NICBgGd4hTfn0Xlx3p2PeeuKk88cwR84nz9nX47j</latexit><latexit sha1_base64="wry42f7EN997HZrYMooT8iFx3hY=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokI9lj0oMcK9gPaWDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3nlBpHst7M07Qj+hA8pAzaqzU9tyHKrnBZq9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx274ScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE1b9jMskNSjZfFGYCmJiMn2e9LlCZsTYEsoUt7cSNqSKMmMjKtoQvMWXl0nzvOK5Fe/uoly7yuMowDGcwBl4cAk1uIU6NICBgGd4hTfn0Xlx3p2PeeuKk88cwR84nz9nX47j</latexit><latexit sha1_base64="wry42f7EN997HZrYMooT8iFx3hY=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokI9lj0oMcK9gPaWDbbSbt0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3nlBpHst7M07Qj+hA8pAzaqzU9tyHKrnBZq9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx274ScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE1b9jMskNSjZfFGYCmJiMn2e9LlCZsTYEsoUt7cSNqSKMmMjKtoQvMWXl0nzvOK5Fe/uoly7yuMowDGcwBl4cAk1uIU6NICBgGd4hTfn0Xlx3p2PeeuKk88cwR84nz9nX47j</latexit>

↵ & 1
<latexit sha1_base64="77u4hUaZifvoeXmHvk9i5NbZWbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLoxmUF+4AmlMl02g6dScLMTaGE/okbF4q49U/c+TdO2yy09cDA4ZxzuXdOlEph0PO+ndLG5tb2Tnm3srd/cHjkHp+0TJJpxpsskYnuRNRwKWLeRIGSd1LNqYokb0fj+7nfnnBtRBI/4TTloaLDWAwEo2ilnusGVKYjSoIh2pAifs+tejVvAbJO/IJUoUCj534F/YRlisfIJDWm63sphjnVKJjks0qQGZ5SNqZD3rU0poqbMF9cPiMXVumTQaLti5Es1N8TOVXGTFVkk4riyKx6c/E/r5vh4DbMRZxmyGO2XDTIJMGEzGsgfaE5Qzm1hDIt7K2EjaimDG1ZFVuCv/rlddK6qvlezX+8rtbvijrKcAbncAk+3EAdHqABTWAwgWd4hTcnd16cd+djGS05xcwp/IHz+QO/CJMQ</latexit><latexit sha1_base64="77u4hUaZifvoeXmHvk9i5NbZWbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLoxmUF+4AmlMl02g6dScLMTaGE/okbF4q49U/c+TdO2yy09cDA4ZxzuXdOlEph0PO+ndLG5tb2Tnm3srd/cHjkHp+0TJJpxpsskYnuRNRwKWLeRIGSd1LNqYokb0fj+7nfnnBtRBI/4TTloaLDWAwEo2ilnusGVKYjSoIh2pAifs+tejVvAbJO/IJUoUCj534F/YRlisfIJDWm63sphjnVKJjks0qQGZ5SNqZD3rU0poqbMF9cPiMXVumTQaLti5Es1N8TOVXGTFVkk4riyKx6c/E/r5vh4DbMRZxmyGO2XDTIJMGEzGsgfaE5Qzm1hDIt7K2EjaimDG1ZFVuCv/rlddK6qvlezX+8rtbvijrKcAbncAk+3EAdHqABTWAwgWd4hTcnd16cd+djGS05xcwp/IHz+QO/CJMQ</latexit><latexit sha1_base64="77u4hUaZifvoeXmHvk9i5NbZWbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLoxmUF+4AmlMl02g6dScLMTaGE/okbF4q49U/c+TdO2yy09cDA4ZxzuXdOlEph0PO+ndLG5tb2Tnm3srd/cHjkHp+0TJJpxpsskYnuRNRwKWLeRIGSd1LNqYokb0fj+7nfnnBtRBI/4TTloaLDWAwEo2ilnusGVKYjSoIh2pAifs+tejVvAbJO/IJUoUCj534F/YRlisfIJDWm63sphjnVKJjks0qQGZ5SNqZD3rU0poqbMF9cPiMXVumTQaLti5Es1N8TOVXGTFVkk4riyKx6c/E/r5vh4DbMRZxmyGO2XDTIJMGEzGsgfaE5Qzm1hDIt7K2EjaimDG1ZFVuCv/rlddK6qvlezX+8rtbvijrKcAbncAk+3EAdHqABTWAwgWd4hTcnd16cd+djGS05xcwp/IHz+QO/CJMQ</latexit><latexit sha1_base64="77u4hUaZifvoeXmHvk9i5NbZWbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi6LLoxmUF+4AmlMl02g6dScLMTaGE/okbF4q49U/c+TdO2yy09cDA4ZxzuXdOlEph0PO+ndLG5tb2Tnm3srd/cHjkHp+0TJJpxpsskYnuRNRwKWLeRIGSd1LNqYokb0fj+7nfnnBtRBI/4TTloaLDWAwEo2ilnusGVKYjSoIh2pAifs+tejVvAbJO/IJUoUCj534F/YRlisfIJDWm63sphjnVKJjks0qQGZ5SNqZD3rU0poqbMF9cPiMXVumTQaLti5Es1N8TOVXGTFVkk4riyKx6c/E/r5vh4DbMRZxmyGO2XDTIJMGEzGsgfaE5Qzm1hDIt7K2EjaimDG1ZFVuCv/rlddK6qvlezX+8rtbvijrKcAbncAk+3EAdHqABTWAwgWd4hTcnd16cd+djGS05xcwp/IHz+QO/CJMQ</latexit>



II) GWs from high quality defects



II) GWs from high quality defects

arXiv:2107.07542



Axionic defects
Peccei-Quinn mech: introduce a U(1)PQ symmetry 
with:  

            i) SB and  

            ii) U(1)PQ SU(3)c SU(3)c anomaly 

spont. U(1)PQ @ fa

expl. U(1)PQ @ ΛQCD



—>   NDW    "Domain wall number"

U(1)PQ —> ZNDW

NDW = 1 

NDW = 2 

VQCD(a) = ⇤4
QCD

✓
1� cos

✓
NDW

a

f

◆◆

<latexit sha1_base64="R5XeVZnoT1gtWzpycXErv7lyK8Y="></latexit><latexit sha1_base64="ah7zg6PDCSmDaVy1/abf2RXakXk="></latexit><latexit sha1_base64="ah7zg6PDCSmDaVy1/abf2RXakXk="></latexit><latexit sha1_base64="iivhIjI1kP4K0ZrXjnWfxyx0jjc="></latexit>

Axionic defects



Further specifications: 

NDW = 1 

NDW = 2 

Bo

¥ -

.

I* I

Axionic defects



Axion 'quality problem'



Implicitly, only QCD contributes to V(a) 

Solution can be spoiled by any other ''misaligned'' sector

ΛQCD

fPQ

Axion 'quality problem'

strong CP solved => �✓ = sin �
⇤4
mis

⇤4
QCD

. 10�10
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QCD

⇣
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⌘
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⌘

<latexit sha1_base64="HHh61Dg3vFsPTxoVaqhUi4Q3jBM="></latexit><latexit sha1_base64="HdJ7XWj2ZJ2KPz1gqNvvdYcPsQg="></latexit><latexit sha1_base64="HdJ7XWj2ZJ2KPz1gqNvvdYcPsQg="></latexit><latexit sha1_base64="ebTWChO6wYn90dL6TVXfOWFCoBk="></latexit>



From the 'PQ-EFT' perspective, misaligned terms  

Axion 'quality problem'

cN
�4+N

MN
! ⇤mis = c1/4N

⇣ f

M

⌘N/4
. 10�2.5⇤QCD
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Axion 'quality problem'
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From the 'PQ-EFT' perspective, misaligned terms  

Either first nonzero cN with large N 

Or PQ is nonperturbative (cN’s exponentially suppressed) 

Axion 'quality problem'

cN
�4+N

MN
! ⇤mis = c1/4N
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From the 'PQ-EFT' perspective, misaligned terms  

Either first nonzero cN with large N 

Or PQ is nonperturbative (cN’s exponentially suppressed) 

Axion 'quality problem'
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In any case, robustness against this PQ is desirable   —>
push ΛQCD up 
Heavy axion



SM extended with (or embedded into) new sector with    Λ >> ΛQCD 

• Mirror SM with softly broken Z2 

• Small instantons  

• Color - Dark Color unification

Heavy axions

V (a) =
⇥
⇤4
QCD + ⇤4
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1� cos(a)

�
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In practice: 

Heavy axions
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In practice: 

                                                           

Heavy axions
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In practice: 

                                                           

Heavy axions
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Heavy => decays quickly  

Axions =  DM  

Heavy and weakly coupled => difficult to probe directly! 

Heavy axions



Heavy => decays quickly  

Axions =  DM  

Heavy and weakly coupled => difficult to probe directly! 

Heavy axions

improving precision in neutron EDM dn 

nEDM@SNS (1908.09937)   —> 

pEDM (2007.10332)             —>
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Heavy => decays quickly  

Axions =  DM  

Heavy and weakly coupled => difficult to probe directly! 

                                                     

Heavy axions

Axionic defects (and NDW)   play a crucial role

—> cosmology!



High quality axionic defects
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DW motions induce strong GWs
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=>  DWs are also heavy



T

ΛQCD

fPQ SSB

Strings

1 DW per string 

DWs make the whole network disappear quickly

NDW = 1

DWsStrings & expl SB NDW =1
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DWsStrings &

Network stable 

DW problem!

NDW > 1
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Wall-string network dynamics
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Hiramatsu et al arXiv:
1207.3166

GW spectrum ~ 
broken power law 

w3   ,   w-1  



Peak in the GW spectrum from network annihilation corresponds to temperature

Signal:
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=> some models are already ruled out…

Phys.Rev.Lett. 126 (2021) 15, 151301 
arXiv:2102.01714

n1 = 3 n2 = �1
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The same network collapse can lead to PBHs 

                                                     Tension & pressure aid collapse  
 

Collapse condition 

                    coincides with DW domination 

near DW domination region, PBHs are expected

Primordial Black Holes
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Conclusions
Heavy axion models naturally contain long DW epoch — very different from bubbles 

DW network collapse generates strong GW signal (and PBHs)  

Combined signature both in GWs and in nEDM 

LIGO/Virgo/KAGRA are already testing interesting axion models! 

LVK = extremely high-energy machines 

Better simulations of bubble collisions and string/wall networks are needed to 
chart the excluded parameter space
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Thank you

and congratulations, Valery!
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