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• Axion , shift symmetry  , candidate axions generic in high energy theories
a a → a + c

a /fa

Axion mass ma
Assume mr ∼ fa

Axion decay constant  such that fa
a ≅ a + 2πfa

( )NW = 1

θ = a /fa

This talk: the dynamics of simple field theory axions as a first step 

Caution: Likely to be many important differences (production of strings, core structure, 
cosmological history, KK modes, etc.) in more realistic theories 
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Gravitational wave searches

The early universe

Caution:

Many experimental 
challenges to overcome
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Topological strings
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Full evolution

Strings form
Relic axions and 

gravitational waves

Dynamics: 
- nonlinear 
- large scale separation

Domain walls form

T, H ≳ fa todayH ≃ ma
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Simulations


Physical

log(mr /H ) ≲ 8

log(mr /H ) ∼ 70

• a few lattice points per string core 

• a few Hubble patches

Memory constraints            max   grid points50003
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Scaling regime

Simulate

Extrapolate

Need:


1. Energy emitted into GWs


2. Momentum distribution

Scaling regime

T, H ≳ fa todayH ≃ ma
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String EFT 1. Energy emitted into GWs

2. Momentum distribution
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[Lund & Regge, 1976]

also [Horn,  Nicolis, Penco] in the context of superfluids
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Simulations
Total energy
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Full evolution

Relic axionsStrings form

fa ≲ 1010 GeV

ma ≳ 0.5 meV

T, H ≳ fa H = ma, T ≃ ΛQCD today

ΩDM ≃ 0.23 ⟹

Strings destroyed

today



Full evolution

Relic axionsStrings form

Axions with spatial fluctuations Dark matter substructure
[Eggemeier et al]

T, H ≳ fa H = ma, T ≃ ΛQCD

“Axion miniclusters”

Strings destroyed

today
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Standard picture

T⋆ ≃ GeV Tmre ≃ eV T0

z ≃ 30z ≃ 3000

Adiabatic halosHierarchical structurePerturbations frozen Collapse

λclump

λdB =
1

mav
=

1
ma(GM/λclump)1/2

=
1

λclump(4πGρm2
a)1/2

“Quantum” Jeans scale: λJ ≃ (Gρm2
a)1/4 kJ /R = (16πGρm2

a)1/4

Wave effects at matter radiation equality



New aspects

T⋆ ≃ GeV Tmre ≃ eV T0

z ≃ 30z ≃ 3000

Adiabatic halosHierarchical structurePerturbations frozen Collapse 
into 

solitons

Self-
interactions
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Halos vs solitons
Halos




→ gravitational potential balanced by velocity 

term


Angular momentum “supports” the gravitational 

potential


ΦQ ≃ 0



              


→ gravitational potential balanced by quantum 

pressure


Quantum pressure “supports” the gravitational 

potential


ΦQ = − Φ ⃗v = 0

Halos vs solitons
Halos Soliton




→ gravitational potential balanced by velocity 

term


Angular momentum “supports” the gravitational 

potential


ΦQ ≃ 0

“Axion star”
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Summary

• GW spectrum from axion strings has a  scaling violation


• Enhances the spectrum at low frequencies, observable for   

 

 
 
 
 
 

• Simple post-inflationary QCD axion: 

 of dark matter in axion stars soon after MRE  

Γg ∝ log4

fa > 1014 GeV

≃ 20 %


