
Post-inflationary ALPS:


Gravitational waves, targets for haloscopes, and substructure

Ed Hardy

Mostly based on:  


2101.11007 Gorghetto, EH, Nicolaescu; JCAP 


2007.04990 Gorghetto, EH, Villadoro; SciPost



Axions (=ALP)

• Axion 
• Shift symmetry 

a

a → a + c

a /fa

Axion mass ma

Assume mr ∼ fa

Define the axion decay constant  such that fa a ≅ a + 2πfa
(for now )N = 1

θ = a /fa
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Gravitational wave searches

The early universe

Caution:

Many experimental 
challenges to overcome



This talk

• Post-inflationary axion-like-particles (ALPs)


• Gravitational waves


• Dark matter substructure
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Topological strings

d

H ∼ T 2 /MPl

δs ≃
1
mr

Core
gradient

Grows logarithmically with time



Full evolution
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gravitational waves



Full evolution

Strings form
Relic axions and 

gravitational waves

Dynamics:

- nonlinear

- large scale separation

Domain walls form
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Simulations


Physical

log(mr /H ) ≲ 8

log(mr /H ) ∼ 70
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Scaling regime

Simulate

Extrapolate

Need:


1. Energy emitted into GWs


2. Momentum distribution

Scaling regime
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Nambu-Goto action Axion kinetic term

Axion-string coupling

Axion-string interaction 

(Kalb-Ramond action)



String EFT

Δ

1. Energy emitted into GWs


2. Momentum distribution

[Lund & Regge, 1976]

also [Horn,  Nicolis, Penco] in the context of superfluids

μ(Δ) = πf 2
a log (Δ/m−1
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Δ′￼

String EFT 1. Energy emitted into GWs


2. Momentum distribution

[Lund & Regge, 1976]

also [Horn,  Nicolis, Penco] in the context of superfluids

μ(Δ) = πf 2
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String EFT
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Simulations 1. Energy emitted into GWs


2. Momentum distribution

ξμ /t3



Simulations

Instantaneous emission

1. Energy emitted into GWs
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Simulations

Instantaneous emission
Total energy 


 ρg(t) ∝ ∫ dt′￼
log′￼

4

t′￼3 ( R(t′￼)
R(t) )

4

→ log5

1. Energy emitted into GWs


2. Momentum distribution

ξμ /t3
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The spectrum today

∂ρg

∂ log k
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Targets for haloscopes

[Grilli di Cortona, EH, Pardo 
Vega, Villadoro]



Targets for haloscopes



N>1



Summary

• Scaling regime produces an approximately scale invariant GW spectrum

 gives log violations, enhances the spectrum at low frequencies 

• Observable by multiple experiments for   

• At larger  and smaller  post-inflationary ALPS are good targets for haloscops 

Γg ∝ log4

fa > 1014 GeV

ma fa

Much more to do


• Effects of friction on the strings

• Local strings

• QCD axion substructure

• QCD axion N>1

• Similar dynamics in other theories of dark matter with mass ≲ eV



Thanks



Substructure

Expect order one fluctuations on scales set by H−1
d

Almost scale invariant

Big fluctuations at small scales

δ(x) =
ρ(x) − ρ̄

ρ̄



Substructure

Order one over-density  

becomes nonlinear at MRE

δ = δρ/ρ̄

Size of the clump  λclump ≃ H−1
d

Req

Rd

λclump

Expect order one fluctuations on scales set by H−1
d

Almost scale invariant

Big fluctuations at small scales

δ(x) =
ρ(x) − ρ̄

ρ̄

Typical density  ρclump ≃ (1 ÷ 104) ρeq ≃ (1 ÷ 104) eV4 ≃ (106 ÷ 1010) ρlocal



Substructure
λclump

λwave
≃ ( ma

Hd )
1/2



Substructure
λclump

λwave
≃ ( ma

Hd )
1/2



Gravitational collapse and wave effects

de Broglie wavelength of a particle in the resulting clump


λdB =
1

mv
=

1
m(GM/λclump)1/2

=
1

λclump(4πGρm2)1/2

Size of the clump   λclump ≃ H−1
d

Req

Rd

λcrit = (4πGρm2)−1/4



Gravitational collapse and wave effects

λclump

λcrit
=

H−1
d Req /Rd

(4πGρclumpm2)−1/4
≃ ( ma

Hd )
1/2 For  not too much smaller than  

quantum pressure cannot be neglected 

Hd ma

de Broglie wavelength of a particle in the resulting clump


λdB =
1

mv
=

1
m(GM/λclump)1/2

=
1

λclump(4πGρm2)1/2
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Other constraints
Isocurvature perturbations

CMB anisotropies

Dark radiation

Dark matter
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BBN happens when H > ma
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Isocurvature
The dark matter axions are inhomogeneous

Isocurvature
Isocurvature

C ( k
H* )

3
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Axion emission spectrum



String density

Increase consistent with:

• Large string densities for NG networks

• Large density when tension artificially 

boosted

• Log increase is a good fit over multiple e-

foldings

• Results from altering the string thickness 

to keep constant log



Post-inflationary

HI

2π
> fa

• Hubble parameter during inflation


• Finite temperature


• Coupling to the inflation




Post-inflationary

HI

2π
> fa

• Hubble parameter during inflation


• Finite temperature


• Coupling to the inflation


g ⟨φ2⟩ ≳ f 2
a

TRH ≲ ( HI

Hmax )
1/2

1014 GeV

Tearly ≲ ( HI

Hmax )
1/2

1015 GeV



Scaling

Different 

initial conditions
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Other constraints
Isocurvature perturbations

CMB anisotropies

Dark radiation

Dark matter



Backreaction

Negligible for :

1. Energy emitted into GWs


2. Momentum distribution


