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QCD axion:

• Dynamically explains no neutron EdM

• Contributes to all/part of the dark matter



pre-inflationary

post-inflationary?

misalignment
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The Scaling Regime
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and 

    (  )@ T ≃ 1 GeV m = H ≡ H⋆

Domain Walls

Axion potential from QCD:





The Scaling Regime
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The Spectrum
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UV dominated

IR dominated

Running of q

The Spectral Index



Comparisons

UV dominated

IR dominated

q ≃ 1?



q ≃ 1 q > 1
fa ≲ 1010 GeV

ma ≳ 0.5 meV

fa ≃ 1010 GeV

from DM overproduction

if domain walls negligible≃



Formation of structures



δ(x) =
ρ(x) − ρ̄

ρ̄

∼ H−1
⋆

after wall decay, T ≪ ΛQCD

  spectrum peak∼ k−1
p

MC ≃
4π
3

ρ̄ ( π
H⋆ )

3

≃ 2 ⋅ 10−12M⊙ ( 0.1 meV
ma )

1/2

(naive)

Minicluster



Gravitational collapse vs quantum Jeans scale



axion minicluster
λdB ≪ 1/kp

Naive because  increases due to the self-interactions and becomes of order kp kJ

The standard lore after DW decay



The remarkable coincidence

H⋆ kℓ kv

3 → 1

grows ∝ T−8

until  T ≃ 150 MeV



Axion stars:





ρ ≃ ρMRE ≃ 104ρloc



Axion stars (after MRE):



• Post-inflationary abundance uncertain, despite progress

• Axion star formation enhanced at MRE

➡ Potential for new observational opportunities

Conclusions

   or     from dark matter over-productionfa ≲ 1010 GeV ma ≳ 0.5 meV



Thanks!



Backup



Advert: 
Solar halos of ultra-light 

dark matter



• DM is  withϕ V(ϕ) =
1
2

m2ϕ2 +
1
4

m2

f 2
a

ϕ4 + …

−λ

GM⊙m

Capture dominates over stripping when:

vdm ≃ 10−3 ≲ 2π α

i.e. if

·Nbound ∼ Γ(m, fa) ⋅ Nbound → Nbound ∝ eΓt

m ≳ 1.5 ⋅ 10−14 eV

Solar halo





https://cajohare.github.io/AxionLimits



https://cajohare.github.io/AxionLimits



Axion dark matter



• a few lattice points per string core
• a few Hubble patches

Y

𝑁 ~ 5000

𝑯−𝟏𝒎−𝟏
𝒓

≪ 70 log
𝑚𝑟

𝐻
≤ log(          ) ~ 8 



𝜃0 ∈ [ − 𝜋, 𝜋]

Pre-inflationary scenario

··a + 3H(T ) ·a − ∇2a + m2
a(T ) a = 0

0 ≤ |θ0 | < π

1018 ≳ fa /GeV ≳ 4 ⋅ 109

10−11 ≲ ma /eV ≲ 1.5 ⋅ 10−3

θ0

T ≪ ΛQCD
Energy density:



1/T

T
fa ∼ 1010 GeV

 :T⋆ ∼ 1 GeV
log(mr /H⋆) ∼ 65

m = H ≡ H⋆

m ∼ m0 ( Tc

T )
4



T
fa ∼ 1010 GeV

 :T⋆ ∼ 1 GeV m = H ≡ H⋆

m ∼ m0 ( Tc

T )
4

3 → 1

 :Tℓ ∼ 0.8 GeV ρa(tℓ) = m2
a(tℓ)f 2

a

Tc ∼ 0.15 GeV : m(Tc) = m(0)

TMRE ∼ 0.15 eVgravitational collapse

QCD crossover



T
fa ∼ 1010 GeV

 :T⋆ ∼ 1 GeV m = H ≡ H⋆

m ∼ m0 ( Tc

T )
4

 :Tℓ ∼ 0.8 GeV ρa(tℓ) = m2
a(tℓ)f 2

a

Tc ∼ 0.15 GeV : m(Tc) = m(0)

TMRE ∼ 0.15 eV

3 → 1

H⋆
kkℓ kv



Effect of non-linearities (I)

If       q ≥ 1 : ρa(t⋆) ≫ ρmis ∼ m2
⋆ f 2

a = χtop(T⋆)

ρ ∼ (∇a)2 + V

t⋆ tℓ

∼ V

Non-linear 

tran
sien

t

3 → 1

domain walls decay

t

Tℓ ∼ 0.8 GeV



After DW decay: the standard lore

T⋆ Tℓ

Non-linear 

tran
sien

t

domain walls decay

= m2
a f 2

a

V(a) ≃
1
2

m2a2 axions become free

   the field redshifts like CDM until MRE⟹

 MRE, fluctuations  gravitationally collapse in objects of size @ δρ/ρ ∼ 1 ∼ 1/kp

axions become 
non-relativistic

m ∼ m0 ( Tc

T )
4



However: effect of non-linearities (II)

ρ ∼ ·ϕ2 + m2ϕ2+

(∇ϕ)2 + λϕ4

ϕ ∼ ψe−imt

Tc ∼ 0.15 GeV



ρ ∼ ·ϕ2 + m2ϕ2+

(∇ϕ)2 + λϕ4

perturbation

grows

However: effect of non-linearities (II)



ρ ∼ ·ϕ2 + m2ϕ2+

(∇ϕ)2 + λϕ4

same order as the others

grows

However: effect of non-linearities (II)



ρ ∼ ·ϕ2 + m2ϕ2+

(∇ϕ)2 + λϕ4

perturbation

constant

≫ H−1

However: effect of non-linearities (II)



Axion stars properties:

kp /kJ |MRE



Relativistic Regime and Nonlinear Transient













Late time dynamics





independent mass :T−

QCD axion case :



Scaling Violation

Attractor and Energy Emission
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≡ log





Axion Strings
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𝜃0 = 0

𝜃0 = 𝜋

Axion Cosmology
𝑓𝑎 ≳ max(𝐻𝐼, 𝑇𝑅)

Pre-inflationary:

𝜽𝟎

𝜃0 ∈ [0, 𝜋]
Inflation



Axion Domain Walls
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domain walls form 
and annihilatestrings form relic axions



• in principle  could be time-dependent, 𝑞 𝑞 = 𝑞 (log)

𝑘𝐻 𝑚𝑟

 	
𝟏

𝒌𝒒 > 𝟏

Theoretical expectation

 	
𝟏
𝒌
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• in between an approximate power law:

• natural cut-offs at  and 𝐻 𝑚𝑟

• peak at  because strings have curvature of 𝐻 𝑂(𝐻 )

IR dominated

UV dominated

2) The Axion Spectrum

energy spectrum of 
axions emitted



𝑇 ≳ 𝑓𝑎

𝑇 ≲ 𝑓𝑎

𝑎(𝑥)

𝑥

𝜋𝑓𝑎

  
𝜙 = 𝜙 𝑒

𝑖 𝑎
𝑓𝑎

after PQ breaking axion field has random 
fluctuations within the Hubble horizon

The PQ Phase Transition

−𝜋𝑓𝑎

𝐻𝐼 ≳ 𝑓𝑎

Similarly if:



The Spectral Index

UV dominated

IR dominatedRunning of q

UV dominated

IR dominated



3) Number density after the nonlinear regime

Relativistic Redshift

Mass growth

Relativistic
Nonlinear 
transient

Nonrelativistic

@

@



More Domain Walls
@



Relativistic Redshift

Mass growth

Relativistic Nonlinear 
transient

Nonrelativistic





Loop Distribution



Boost Factors



Lattice Spacing and Finite Volume Effects on q



End of the Scaling regime: 𝑯 = 𝒎𝒂 ≡ 𝑯∗



Axion Number Density after the transient



Lattice Spacing



Finite Volume



Dependence on the Initial Conditions




