
  

Axions Dark Matter*Axions Dark Matter*
Giovanni VilladoroGiovanni Villadoro

*Assuming Standard Cosmology and neglecting baroque model-building 



  

Strong CP-problem and QCD AxionStrong CP-problem and QCD Axion

from neutron EDMfrom neutron EDM

Peccei,Quinn ‘77
Weinberg, Wilczek 
‘78

Gorghetto, GV 
‘19

See Ringwald’s 
seminar



  

Axions SearchesAxions Searches
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QCD Axion → DMQCD Axion → DM Abbott, Dine, Fischler, Abbott, Dine, Fischler, 
Preskill, Preskill, Sikivie,Wise, Sikivie,Wise, 
Wilczek ‘83Wilczek ‘83

Arvanitaki et al. ‘09Arvanitaki et al. ‘09
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Primordial AxionsPrimordial Axions



  

Axion Thermal ProductionAxion Thermal Production

Thermal EquilibriumThermal Equilibrium

for recent analysis see e.g.for recent analysis see e.g.

Salvo, Strumia, Xue ‘13Salvo, Strumia, Xue ‘13Baumann, Green, Wallisch ‘16Baumann, Green, Wallisch ‘16Ferreira, Notari ‘18Ferreira, Notari ‘18Arias-Aragon, D’Eramo, Arias-Aragon, D’Eramo, Ferreira, Merlo, Notari ’20Ferreira, Merlo, Notari ’20



  

Thermal Axion still relativistic during early Universe....Thermal Axion still relativistic during early Universe....

Contribution to Relativistic Species:

from:from:
  Arias-Aragon, D’Eramo, Arias-Aragon, D’Eramo, 
Ferreira,Merlo,Notari ’20Ferreira,Merlo,Notari ’20

≈ ≈ CMB S4CMB S4



  

Non-Thermal Cold Axions Non-Thermal Cold Axions 

pre-inflation scenario pre-inflation scenario post-inflation scenario post-inflation scenario 

PQ-symmetric phase PQ-symmetric phase 
notnot restored after inflation restored after inflation

PQ-symmetric phase PQ-symmetric phase 
restored after inflationrestored after inflation



  

θ = 0
θ = π

Cosmic Evolution of AxionsCosmic Evolution of Axions
pre-inflationary scenariopre-inflationary scenario  

θ = 1.26...θ = 0.11...

InflationInflation

Observable UniverseObservable Universe Observable UniverseObservable Universe



  

θ = θ0 ÷ 
π

Misalignment mechanismMisalignment mechanism

T ≫ ΛQCD

EOM:

Gross, Pisarski, Yaffe ‘81Gross, Pisarski, Yaffe ‘81
Petreczky ‘15Petreczky ‘15
Bonati et al. ‘15, ‘18Bonati et al. ‘15, ‘18
Borsanyi et al. ‘16Borsanyi et al. ‘16
Burger et al. ‘18Burger et al. ‘18
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from Planckfrom Planck

Isorcurvature Bound
Small-structures from Small-structures from 

non-linearitiesnon-linearities

Arvanitaki et al. ‘19

Misalignment mechanismMisalignment mechanism



  

U(1) restorationU(1) restoration

θ = 0 ÷ π

No initial No initial θ θ dependencedependence

Prediction for Prediction for mma a !!  

Post-Inflationary ScenarioPost-Inflationary Scenario



  

Complex non-linear evolutionComplex non-linear evolution

StringsStrings Domain WallsDomain Walls OscillonsOscillons Mini-ClustersMini-Clusters Axion-StarsAxion-Stars

todaytoday

from 1804.05857from 1804.05857



  

T,H T,H ≳ ≳ ffaa H~mH~maa ( (TT~~ΛΛQCDQCD)) todaytoday

scaling regimescaling regime

log(log(mmrr//HH)) 1÷151÷15 ~70~70

strings domain
walls

oscillons

mini-clusters
mini-halos

axion-stars?

Non-LinearNon-Linear Evolution Evolution

Multi-ScaleMulti-Scale Problem Problem

Analytic

Numerical



  

Axionic StringsAxionic Strings

radial
core

axion
field



  

free stringsfree strings string recombinationstring recombination

H -1

Self-Organized CriticalitySelf-Organized Criticality

scalingScaling SolutionScaling Solution

Albrecht, Allen, Battye, Bennett, 
Bouchet, Davis, Dabholkhar, 
Hagmann, Kibble, Martins, 
Quashnock, Shellard, Sikivie, 
Turok, Vilenkin, ...



  

@ @ H~mH~maa ( (TT~~ΛΛQCDQCD))

N = 1



  

T,H T,H ≳ ≳ ffaa H~mH~maa ( (TT~~ΛΛQCDQCD)) todaytoday

scaling regimescaling regime

Axion DM AbundanceAxion DM Abundance

log(log(mmrr//HH)) 1÷151÷15 ~70~70

Complete (Brute Force) Simulation:Complete (Brute Force) Simulation:
Latest by:  Klaer and Moore ‘17  – Buschmann, Foster, Safdi ‘19



  

T,H T,H ≳ ≳ ffaa H~mH~maa ( (TT~~ΛΛQCDQCD)) todaytoday

scaling regimescaling regime

log(log(mmrr//HH)) 1÷151÷15 ~70~70

Full Simulation Not ReliableFull Simulation Not Reliable
Smaller Goal: Lower Bound on DMSmaller Goal: Lower Bound on DM

Simulate
Simulate

Reconstruct

Reconstruct

Lower Bound

Lower Bound



  

Gorghetto, Hardy, GV ‘18Gorghetto, Hardy, GV ‘18
Gorghetto, Hardy, GV ‘20Gorghetto, Hardy, GV ‘20

the attractorthe attractor

String Density EvolutionString Density Evolution

scaling violationsscaling violations

Also:Also:
Fleury, Moore ‘15Fleury, Moore ‘15
Klaer Moore ‘17, ‘19Klaer Moore ‘17, ‘19
Kawasaki et al. ‘18Kawasaki et al. ‘18
Vaquero et al. ‘18Vaquero et al. ‘18
Buschmann et al. ‘19Buschmann et al. ‘19



  

Axion Spectrum EvolutionAxion Spectrum Evolution

Gorghetto, Hardy, GV ‘20Gorghetto, Hardy, GV ‘20



  

@

after

until

Non-linearities of Axion SpectrumNon-linearities of Axion Spectrum
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A lower bound to the Axion AbundanceA lower bound to the Axion Abundance



  



  

ConclusionsConclusions
– – QCD Axion is compelling candidate for DMQCD Axion is compelling candidate for DM

– – Recent Efforts:Recent Efforts:
- Deeper understanding of the evolution of axion field in early universe- Deeper understanding of the evolution of axion field in early universe
- Towards a more reliable estimate of axion abundance- Towards a more reliable estimate of axion abundance

– – Still A Lot to Do:Still A Lot to Do:
- Extrapolations need more confirmations - Extrapolations need more confirmations 

(maybe next generation simulations)(maybe next generation simulations)

- Effects of DW? N>1? Superconducting strings?- Effects of DW? N>1? Superconducting strings?
- Right Initial conditions for future evolution (mini-clusters, etc.)- Right Initial conditions for future evolution (mini-clusters, etc.)
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