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Vanilla QCD axion

• Peccei-Quinn solution:       θ GG̃ →
a
f

GG̃

•  How?  
Complex scalar + U(1) global symmetry


• Spontaneously broken at        Axion is the GB


• Anomalous wrt QCD:          

T ∼ f →

∂μJμ
PQ ∝ NDW GG̃

[Peccei-Quinn 77’, 
Weinberg 78’, Wilczek 78’]

Oscillates and  
decays to 0

∂μJμ
PQ

g

g

Strong CP problem:                   ? θSM < 10−10



• Axion takes random values. 
Network of cosmic strings is formed 
 

• QCD non-perturbative effects break axion shift symmetry   
 

,    

     


• Domain Walls are formed with tension  
 

(U(1) → ℤNDW
)

V ∼ Λ4
QCD cos ( NDW

vPQ
a)

σ = 8 ma f2, {NDW = 1 (unstable) 
NDW > 1 (stable) 
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• Axion takes random values. 
Network of cosmic strings is formed 
 

• QCD non-perturbative effects break axion shift symmetry   
 

,    

     


• Domain Walls are formed with tension  
 

(U(1) → ℤNDW
)

V ∼ Λ4
QCD cos ( NDW

vPQ
a)

σ = 8 ma f2, {NDW = 1 (unstable) 
NDW > 1 (stable)  !

 

Redshifts slower radiation 
Domain Wall problem

ρDW ∼ σ H
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QCD axion Misaligned 

contributions

PQ symmetry needs to be of high quality: 


• Additional   are in general misaligned  ( )  
 

 

 
and spoil axion solution if  MeV.


• … but can solve DW problem if   or co-prime with 

PQ δi ∼ 1

Vmisaligned = ∑
i

μ4
b,i cos (

Nb,i

vPQ
a + δi)

μb ≳ 10

Nb,i = 1 NDW

Examples: 
- Confining (QCD-like) gauge sectors 
- Non-perturbative effects 
- Higher dimensional operators 
- Gravity

Quality Assessment

Temperature

   f

ΛQCD

μmax
b

[Georgi et al. 81’, Holdom et al. 82’, Dine et al. 86’, 

Kamionkowski et al. 92’, Holman et al. 92’, Barr et al. 

92’, Ghigna et al. 92’,…]



• But no relics… axion decays to gluons very early 
 

 Ta→gg ≃ 107 GeV αs ( ΛH

1010 GeV )
3

( 1012 GeV
f )

5
2

• Large ,  aligned  terms 
shield misaligned contributions: 
 

 

 
 
Examples: 
- QCD strongly coupled at high energies;  
-  symmetry;  
- additional gauge group with unification

ΛH ≫ ΛQCD PQ

V ∼ (Λ4
QCD + Λ4

H) cos ( NDW

vPQ
a)

Z2

[Holdom et al. 82’,  …, Berezhiani et al. 01’…, Tye et al. 81’,  …]

QCD axion Misaligned 

contributions

Heavy QCD axion

Quality  improvement!



How can we test it?
DWs: form earlier , larger tension (T ∼ ΛH) (σ = 8ma f2)

 
 DW Network is short lived 

 
 Sizeable correction to  

 
 

 
 
 

(probed at n(p)EDM experiments) 

 

→

→ θSM

Δθ ∼ r4 , r ≡ μb/ΛH

[RZF, Notari, Pujòlas, Rompineve 21’]

 
 DW Network is long lived 

 
 DW energy density becomes large 

 

 

 
               (large GW production) 

→

→

ρdw
ρrad T=Tann

≃ 0.1 ( f
1011 GeV )

2

( 0.003
r )

4
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Network annihilation    Stochastic GW signal→

• Amplitude 
 

 

• Peak frequency 
 
 

      ,          

ρgw(Tann) ∼
σ2

8πM2
p

→ Ωgwh2 ≃ 10−6 ( ρdw
ρrad )

2

T=Tann

ωpeak ≃ 5 Hz ( r
0.005 )

2

( ΛH

1010 GeV ) ( 1011 GeV
f )

1/2

{
ω3, ω ≪ ωpeak

ω−1, ω ≫ ωpeak

[Vilenkin 81’;  
RZF, A.Notari, O. Pujolas, F. Rompineve 21’]

[Hiramatsu et al. 13’ ]



Results
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Conclusions

• Heavy QCD axion models can be tested with (current!) GW observatories. 
Correlated signals at n(p)EDM experiments would be a smoking gun.


• Future work:  
lower  to explain nanoGrav, PBH from the network collapse, 
improved simulations, …  

• More generally, these models are a good testbed to probe the breaking of 
global symmetries.

ΛH



Spectrum
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[RZF, Notari, Pujòlas, Rompineve 21’]
[Hiramatsu et al. 13’]


