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QCD Axion
• Elegant solution to the strong CP problem:


• Dark matter candidate (non-thermally produced)
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QCD Axion
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Figure 2: Exclusion ranges as described in the
text. The intervals in the bottom row are the ap-
proximate ADMX, CASPEr, CAST, and IAXO
search ranges, with green regions indicating the
projected reach. Limits on coupling strengths
are translated into limits on mA and fA us-
ing z = 0.56 and the KSVZ values for the
coupling strengths, if not indicated otherwise.
The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or
variant axions. The limits for the axion-electron
coupling are determined for the DFSZ model
with an axion-electron coupling corresponding
to cos2 β′ = 1/2.

We translate the conservative constraint, Equation 12, on

GAγγ to fA > 3.4 × 107 GeV (mA < 0.2 eV), using z = 0.56

and E/N = 0 as in the KSVZ model, and show the excluded

range in Figure 2. For the DFSZ model with E/N = 8/3,

the corresponding limits are slightly less restrictive, fA >

1.3 × 107 GeV (mA < 0.5 eV). The weak indication of an

extra energy loss points to a range 76 meV <∼ mA <∼ 150 meV

(0.21 eV <∼ mA <∼ 0.41 eV) for the KSVZ (DFSZ) model. The

exact high-mass end of the exclusion range has not been
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Outline

• Axion DM overview


• Dynamical mechanisms to change axion density


‣ Entropy Injection


‣ Particle production


• Conclusions and remarks



Axion condensate as CDM

Peccei-Quinn symmetry broken 
during inflation

�(x) = �0



Axion condensate as CDM
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Axion condensate as CDM
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Axion condensate as CDM
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Axion condensate as CDM
H ⇡ T 2
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Axion abundance
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How to change the 
axion abundance?



Entropy injection
Dilute axion energy density through late entropy dump
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Entropy injection

Entropy dump: ⇢
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Entropy dump: ⇢
axion
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New mechanism



Model
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Model

Particle production: use time dependence of 
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Model

Particle production: use time dependence of 
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No plasma effect



Particle Production
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Particle Production
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Particle Production
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Particle Production
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Particle Production
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Include feedback
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Include feedback

Will use Hartree approximation:
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Include feedback
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Include feedback
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Numerical results

r = fa/fd



Numerical results



Numerical results



Conclusions
•  Particle production can change relic density of axions 
(also of other ALPs)


•  Axions with fa up to 1017 GeV and order one 
misalignment are allowed. Axion must couple more 
strongly to a dark sector than to SM 


•  Relaxes isocurvature perturbation constraints*


•  Potentially testable through other effects

•  Neff 

•  LSS (to be seen)

(⇠ ⇥103)
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Isocurvature Constraints
During Inflation
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Isocurvature Constraints
During Inflation
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