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outline

- thermal axion production 

- isocurvature fluctuations   

- misalignment,  pre/post inflationary 

- post-inflationary scenario 

- cosmic strings and walls 

- axion miniclusters 

- axion stars



QCD axion and cosmology

Key aspects for cosmology: 

- Axion is a (pseudo) Goldstone Boson 

- U(1) symmetry: 
- spontaneously broken at high-energy scale  fA >~ 108 GeV 
- Axial 
- colour anomalous,  

- Axions are low E excitations of some HE theory 
(they are useful dof below fA) 

- "small" mass 
- "feeble" interactions ~1/fA



"Grand unified" axion spectrum
Irastorza 18Most axions would be produced in the Big bang (DM, DR) 



Thermal axions

- Standard cosmological storyline  

inflation radiation domination matter domination?

BBN CMB

- After inflation, Universe reheats to a SM plasma (γ,e,µ,τ,g,q,W,H...)  

reheating

- Thermal SM particles will produce axions 



Thermal axions

- Most relevant production from strong-interactions (g, pi) 
- Most important aspect is fA suppression
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Axion Production rate (relativistic, temperature T plasma)

Thermalisation effective? 
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Thermalisation

- Thermalisation is effective for  

- Thermal Number density of axions, Bose-Einstein distributed in E 

- As Universe expands and cools down, temperature drops below critical,  
axions decouple 

- Number density today (assumes entropy conservation)
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Abundance today

- Number density today (assumes entropy conservation)
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R is FRW scale factor (Universe expansion) 
Entropy "conservation"
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Abundance today

- Thermal Dark matter 
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Abundance today

- Thermal Dark matter 

Archidiacono 2015



Thermal Axion Dark matter is HOT

- Free streaming length

- comoving distance travelled up to CMB times
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that is huge!!! axions cannot be ALL the dark matter...  
would free stream and erase density fluctuations below ~100 Mpc/m! 
effects are very similar to massive thermal neutrinos



Hot Dark matter is strongly constrained

- Effects are vey similar to massive thermal neutrinos 
   Neutrinos stream away from small-scale density fluctuations 
   Matter power spectrum at small scales suppression (not observed) 



Hot Dark matter is strongly constrained

Wong 2013- Planck data

- Future surveys Archidiacono 2015

- Euclid + Planck could pinpoint mA>0.15 eV 
- Below, the axion densitty is too low



Dark radiation

- Number density today (assumes entropy conservation)
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R is FRW scale factor (Universe expansion) 
Entropy "conservation"
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- For much smaller masses, axions behave as dark radiation 



Dark radiation

- Energy density today (Effective number of neutrinos)
from IAXO Physics potential 2019

(assumes negligible mass today)

- Generation 4 CMB satellite has the potential to be sensitive to ΔNeff ~ 0.03 
- Potential for axion discovery is (potentially) huge



(degrees of freedom)

Borsanyi 2016



The QCD phase transition issue

- Hot DM bound was calculated in a region where ChiPT was not valid 

- Recent study "patched" up the ChiPT and HE QCD reliable regions
D'Eramo 22

D'Eramo 22
Di Luzio 21 Savio14, D'Eramo 22 - Educated interpolation,  

- Full lattice QCD required in this regime 



Zero modes

0
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Zero modes

- The axion thermalisation rate mentioned is for axions of energy E ~ T

- Axions are Goldstone bosons, Goldstone pole! 

(most) Axion interactions are "derivative" ... they should vanish in the zero energy limit
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Zero modes

- The axion thermalisation rate mentioned is for axions of energy E ~ T

- Axions are Goldstone bosons, Goldstone pole! 

(most) Axion interactions are "derivative" ... they should vanish in the zero energy limit
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Zero modes

- The axion thermalisation rate mentioned is for axions of energy E ~ T

- I have been cheating you badly (at low energies)

- Rate of absorbing(emitting) a ultralow-energy axion (mass mφ) from a photon of energy ω

?
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Zero modes

- Neglecting g's, suppression of E/T, low-energy modes are E~H
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- Below T ~ fA, low-energy modes are expected to be decoupled ...  
- This is much higher than fA2/mPl above which Thermal modes couple to SM

- Another interesting expression, using lowest energy axions, E ~ mass



Zero modes

0
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Axion Zero modes

- Axion zero modes still interact with GGtilde 
GGtilde is not a pure-Goldstone interaction and does not vanish in the q->0 limit 
thanks to it we have the axion mass and potential 

- Thus according to this low-energy theory, the most relevant axion zero mode interaction  
is due to the axion potential 

- But remember that QCD becomes poerturbative at high-T and  
therefore, this interaction is also irrelevant at very high-T
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Initial conditions

- Axion zero-modes are decoupled as far as the low-E theory is concerned 

- Their abundance comes from their initial conditions

- Their initial conditions date back to the very early Universe... when the UV completion is active

UV



U(1) to the rescue

We do not know anything about the UV completion

We can assume however that it respects the U(1) symmetry 

The axion is a relevant degree of freedom below E~fA

Assume a phase transition at temperatures E~fA (spontaneous PQ breaking)

the VEV cannot be correlated beyond the horizon size

After the phase transition, the axion field takes a VEV
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After phase transition

Typical slice of the Universe after phase transition*

x

y

Horizon size



Two (main) scenarios

- PQ breaking after inflation - PQ breaking before inflation



PQ breaking before inflation

- Inflation: One sub-causal region gets blown up to a size larger than our causal horizon TODAY 
- The value of the axion field was ~homogeneous in that region 
- The initial condition for the axion field is homogeneous (+ quantum fluctuations during inflation)



Evolution of zero mode

- The zero mode has huge occupation number and evolves classically* 



Equations of motion
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Effective mass, lattice calculations

Lattice QCD (DWF) 2+1 [Buchoff] (points) 

IILM [Wantz] 
DIGA (T>>Tc) [Borsanyi]

Lattice QCD 2+1 [Bonati] 
Lattice QCD 2+1+1 [Borsanyi] 
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Lattice QCD: we can compute axion mass At high T (no mesons)  
we can analytically compute potential (DIGA) 



Zero mode evolution
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Damped harmonic oscillator (with a time-varing frequency/mass)
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Zero mode evolution
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Zero mode evolution

- Two regimes: 
 - Overdamped: H>>mA 
- Underdamped mA << H 
- Critical time mA~H

Overdamped
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mA � H
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<latexit sha1_base64="kAsA4i5Nj3sUpOEUaz/uzdyrvP0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3BxzHoxWME84BkCbOT2WTM7Mwy0yuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUiks+v63t7K6tr6xWdgqbu/s7u2XDg4bVmeG8TrTUptWRC2XQvE6CpS8lRpOk0jyZjS8nfrNJ26s0OoBRykPE9pXIhaMopMaHRxwpN1S2a/4M5BlEuSkDDlq3dJXp6dZlnCFTFJr24GfYjimBgWTfFLsZJanlA1pn7cdVTThNhzPrp2QU6f0SKyNK4Vkpv6eGNPE2lESuc6E4sAuelPxP6+dYXwdjoVKM+SKzRfFmSSoyfR10hOGM5QjRygzwt1K2IAaytAFVHQhBIsvL5PGeSW4rFzc++XqTR5HAY7hBM4ggCuowh3UoA4MHuEZXuHN096L9+59zFtXvHzmCP7A+/wBpfePLg==</latexit>

✓

<latexit sha1_base64="CwkOrnPntY9+GY9mikwmqaPp4Is=">AAAB6HicbVDLSgNBEJyNrxhfUY9eBoPgKewKPo5BLx4TMA9IljA76U3GzM4uM71CWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUihookAJnUQDiwIJ7WB8N/PbT6CNiNUDThLwIzZUIhScoZUa2C9X3Ko7B10lXk4qJEe9X/7qDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHTumZVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPEzoZIUQfHFojCVFGM6+5oOhAaOcmIJ41rYWykfMc042mxKNgRv+eVV0rqoelfVy4Zbqd3mcRTJCTkl58Qj16RG7kmdNAknQJ7JK3lzHp0X5935WLQWnHzmmPyB8/kD4imM/g==</latexit>

t

Zero mode evolution

- Two regimes: 
 - Overdamped: H>>mA 
- Underdamped mA << H 
- Critical time mA~H

Overdamped

<latexit sha1_base64="bd5flwGYPO9X/cqlWuv27hz0re4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVrB6rXnqsYD+gXUo2zW5Dk+yaZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfDfzO09UaRbLBzNJqC9wJFnICDZW6jb6UYTE4GZQrrhVdw60SrycVCBHc1D+6g9jkgoqDeFY657nJsbPsDKMcDot9VNNE0zGOKI9SyUWVPvZ/N4pOrPKEIWxsiUNmqu/JzIstJ6IwHYKbEZ62ZuJ/3m91ITXfsZkkhoqyWJRmHJkYjR7Hg2ZosTwiSWYKGZvRWSEFSbGRlSyIXjLL6+S9kXVq1Uv791K/TaPowgncArn4MEV1KEBTWgBAQ7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/N16Pbw==</latexit>

H � mA

Underdamped
<latexit sha1_base64="e+kfVuvBxrZkDPm/fedC6vn0xqE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVrB6rXnqsYD+kXUo2zW5Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfDfzO09UaRbLBzNJqC9wJFnICDZWehSDG9SPItQYlCtu1Z0DrRIvJxXI0RyUv/rDmKSCSkM41rrnuYnxM6wMI5xOS/1U0wSTMY5oz1KJBdV+Nj94is6sMkRhrGxJg+bq74kMC60nIrCdApuRXvZm4n9eLzXhtZ8xmaSGSrJYFKYcmRjNvkdDpigxfGIJJorZWxEZYYWJsRmVbAje8surpH1R9WrVy3u3Ur/N4yjCCZzCOXhwBXVoQBNaQEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8AY8yj5k=</latexit>

mA � H

<latexit sha1_base64="IrDNas7iY27Pu51WBZy3s+negmA=">AAAB+HicbVDJSgNBEK1xjXHJqEcvjUHwFGYEl4sQ9OIxglkgGUJPpydp0tMzdNcIcciXePGgiFc/xZt/Y2c5aOKDgsd7Vd1VL0ylMOh5387K6tr6xmZhq7i9s7tXcvcPGibJNON1lshEt0JquBSK11Gg5K1UcxqHkjfD4e3Ebz5ybUSiHnCU8iCmfSUiwShaqeuWOr0ESQcHHCm5Jl7XLXsVbwqyTPw5KcMcta77ZV9gWcwVMkmNafteikFONQom+bjYyQxPKRvSPm9bqmjMTZBPFx+TE6v0SJRoWwrJVP09kdPYmFEc2s6Y4sAsehPxP6+dYXQV5EKlGXLFZh9FmSSYkEkKpCc0ZyhHllCmhd2VsAHVlKHNqmhD8BdPXiaNs4p/UTm/98rVm3kcBTiCYzgFHy6hCndQgzowyOAZXuHNeXJenHfnY9a64sxnDuEPnM8fPLqSKQ==</latexit>

✓̇ = 0

<latexit sha1_base64="NGZjd1IJNT4GGKazykGPtJrnhNw="></latexit>

✓̈ + 3H ✓̇ ' 0

<latexit sha1_base64="XDS+zzUn995KvbJB9DsP3hTr2F4=">AAACAnicbVC7TsMwFHV4lvIKMCEWiwqJqSQgHmMFC2NB9CE1oXJcp7XqJJZ9g1RFFQu/wsIAQqx8BRt/g9tmgJYjWTo6517b5wRScA2O823NzS8sLi0XVoqra+sbm/bWdl0nqaKsRhORqGZANBM8ZjXgIFhTKkaiQLBG0L8a+Y0HpjRP4jsYSOZHpBvzkFMCRmrbu14nAexBjwHBnlSJhAS7R7f3J2275JSdMfAscXNSQjmqbfvL3EXTiMVABdG65ToS/Iwo4FSwYdFLNZOE9kmXtQyNScS0n40jDPGBUTo4TJQ5MeCx+nsjI5HWgygwkxGBnp72RuJ/XiuF8MLPeCxTYDGdPBSmApuYoz5whytGQQwMIVRx81dMe0QRCqa1oinBnY48S+rHZfesfHrjlCqXeR0FtIf20SFy0TmqoGtURTVE0SN6Rq/ozXqyXqx362MyOmflOzvoD6zPH8l3lmM=</latexit>

✓̇ / 1/R3

<latexit sha1_base64="A+wmgDaHvrp35vne1vS+vEl/h+U=">AAAB+HicbVDJSgNBEK2JW4xLoh69NAbB0zAjuByDXjxGMAtkhtDT6Uma9Cx01whxyJd48aCIVz/Fm39jJ5mDJj4oeLxXRVW9IJVCo+N8W6W19Y3NrfJ2ZWd3b79aOzhs6yRTjLdYIhPVDajmUsS8hQIl76aK0yiQvBOMb2d+55ErLZL4AScp9yM6jEUoGEUj9WtVT/IQvZx4SgxHaPdrdcd25iCrxC1IHQo0+7Uvb5CwLOIxMkm17rlOin5OFQom+bTiZZqnlI3pkPcMjWnEtZ/PD5+SU6MMSJgoUzGSufp7IqeR1pMoMJ0RxZFe9mbif14vw/Daz0WcZshjtlgUZpJgQmYpkIFQnKGcGEKZEuZWwkZUUYYmq4oJwV1+eZW0z2330r64d+qNmyKOMhzDCZyBC1fQgDtoQgsYZPAMr/BmPVkv1rv1sWgtWcXMEfyB9fkDaBaS7Q==</latexit>

{2 solutions: 



Zero mode evolution

- Two regimes: 
 - Overdamped: H>>mA 
- Underdamped mA << H 
- Critical time mA~H

<latexit sha1_base64="lvAqaiLy6RFk1DyKh1zxk8yj4rw="></latexit>

✓(t) =
1p

mAR3
ei

R t mA(t)dt0

WKB approximation 
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<latexit sha1_base64="kAsA4i5Nj3sUpOEUaz/uzdyrvP0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3BxzHoxWME84BkCbOT2WTM7Mwy0yuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUiks+v63t7K6tr6xWdgqbu/s7u2XDg4bVmeG8TrTUptWRC2XQvE6CpS8lRpOk0jyZjS8nfrNJ26s0OoBRykPE9pXIhaMopMaHRxwpN1S2a/4M5BlEuSkDDlq3dJXp6dZlnCFTFJr24GfYjimBgWTfFLsZJanlA1pn7cdVTThNhzPrp2QU6f0SKyNK4Vkpv6eGNPE2lESuc6E4sAuelPxP6+dYXwdjoVKM+SKzRfFmSSoyfR10hOGM5QjRygzwt1K2IAaytAFVHQhBIsvL5PGeSW4rFzc++XqTR5HAY7hBM4ggCuowh3UoA4MHuEZXuHN096L9+59zFtXvHzmCP7A+/wBpfePLg==</latexit>

✓

<latexit sha1_base64="CwkOrnPntY9+GY9mikwmqaPp4Is=">AAAB6HicbVDLSgNBEJyNrxhfUY9eBoPgKewKPo5BLx4TMA9IljA76U3GzM4uM71CWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUihookAJnUQDiwIJ7WB8N/PbT6CNiNUDThLwIzZUIhScoZUa2C9X3Ko7B10lXk4qJEe9X/7qDWKeRqCQS2ZM13MT9DOmUXAJ01IvNZAwPmZD6FqqWATGz+aHTumZVQY0jLUthXSu/p7IWGTMJApsZ8RwZJa9mfif100xvPEzoZIUQfHFojCVFGM6+5oOhAaOcmIJ41rYWykfMc042mxKNgRv+eVV0rqoelfVy4Zbqd3mcRTJCTkl58Qj16RG7kmdNAknQJ7JK3lzHp0X5935WLQWnHzmmPyB8/kD4imM/g==</latexit>

t

Overdamped

<latexit sha1_base64="bd5flwGYPO9X/cqlWuv27hz0re4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9kVrB6rXnqsYD+gXUo2zW5Dk+yaZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfDfzO09UaRbLBzNJqC9wJFnICDZW6jb6UYTE4GZQrrhVdw60SrycVCBHc1D+6g9jkgoqDeFY657nJsbPsDKMcDot9VNNE0zGOKI9SyUWVPvZ/N4pOrPKEIWxsiUNmqu/JzIstJ6IwHYKbEZ62ZuJ/3m91ITXfsZkkhoqyWJRmHJkYjR7Hg2ZosTwiSWYKGZvRWSEFSbGRlSyIXjLL6+S9kXVq1Uv791K/TaPowgncArn4MEV1KEBTWgBAQ7P8ApvzqPz4rw7H4vWgpPPHMMfOJ8/N16Pbw==</latexit>

H � mA

Underdamped
<latexit sha1_base64="e+kfVuvBxrZkDPm/fedC6vn0xqE=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVrB6rXnqsYD+kXUo2zW5Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfDfzO09UaRbLBzNJqC9wJFnICDZWehSDG9SPItQYlCtu1Z0DrRIvJxXI0RyUv/rDmKSCSkM41rrnuYnxM6wMI5xOS/1U0wSTMY5oz1KJBdV+Nj94is6sMkRhrGxJg+bq74kMC60nIrCdApuRXvZm4n9eLzXhtZ8xmaSGSrJYFKYcmRjNvkdDpigxfGIJJorZWxEZYYWJsRmVbAje8surpH1R9WrVy3u3Ur/N4yjCCZzCOXhwBXVoQBNaQEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8AY8yj5k=</latexit>

mA � H



time-scales (radiation domination) linear regime

- Two regimes: 
 - Overdamped: H>>mA 
- Underdamped mA << H 
- Critical time mA~H

<latexit sha1_base64="rZNhoyIt5Gwu8NrHLFuBYrpWJF4=">AAAB+HicbZDLSsNAFIZPvNZ6adSlm8Ei1E1JBC8boeqmywr2Am0Ik+mkHTqZhJmJUEufxI0LRdz6KO58G6dpFtr6w8DHf87hnPmDhDOlHefbWlldW9/YLGwVt3d290r2/kFLxakktEliHstOgBXlTNCmZprTTiIpjgJO28HoblZvP1KpWCwe9DihXoQHgoWMYG0s3y7VK9p3T68j/yYD3y47VScTWgY3hzLkavj2V68fkzSiQhOOleq6TqK9CZaaEU6nxV6qaILJCA9o16DAEVXeJDt8ik6M00dhLM0TGmXu74kJjpQaR4HpjLAeqsXazPyv1k11eOVNmEhSTQWZLwpTjnSMZimgPpOUaD42gIlk5lZEhlhiok1WRROCu/jlZWidVd2L6vm9U67d5nEU4AiOoQIuXEIN6tCAJhBI4Rle4c16sl6sd+tj3rpi5TOH8EfW5w842JGD</latexit>

H(t1) = mA(t1)

<latexit sha1_base64="SwlQqLE5sgZ1MA6op2ITO/ZqQck="></latexit>

T 2
1

mPl
⇠ �0

✓
⇤

T1

◆n/2

<latexit sha1_base64="M0cukt+HbcSUDTJTDMNNOlPNxi0="></latexit>

T1 ⇠ (�0⇤
n/2mPl)

2
4+n
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Redshift

Comoving horizon size

Vaquero 2019

0.10 0.15 0.20 0.25 0.30
0.00

0.02

0.04

0.06

0.08

��-� �

��-�

��-�

��-�

��-�

� [���]

χ
�/
�
[�
��

]



time-scales non-linear regime

- Two regimes: 
 - Overdamped: H>>mA 
- Underdamped mA << H 
- Critical time

Close to theta~pi, the QCD potential has a maximum,  
acceleration decreases as  
time-scales increase as 

<latexit sha1_base64="nvqXVTxMDqPQqRVhxpyx3uUXTV4=">AAACAHicbVDLSgMxFM3UV62vqgsXboJFcFVnBB/LohuXFawtdIaSSe+0oZnMkNwRSunGX3HjQhG3foY7/8a0nYW2Hgg5nHMvyTlhKoVB1/12CkvLK6trxfXSxubW9k55d+/BJJnm0OCJTHQrZAakUNBAgRJaqQYWhxKa4eBm4jcfQRuRqHscphDErKdEJDhDK3XKB74Rysc+IDudXdTHhLqdcsWtulPQReLlpEJy1DvlL7+b8CwGhVwyY9qem2IwYhoFlzAu+ZmBlPEB60HbUsViMMFoGmBMj63SpVGi7VFIp+rvjRGLjRnGoZ2MGfbNvDcR//PaGUZXwUioNENQfPZQlElqI07aoF2hgaMcWsK4FvavlPeZZhxtZyVbgjcfeZE8nFW9i+r5nVupXed1FMkhOSInxCOXpEZuSZ00CCdj8kxeyZvz5Lw4787HbLTg5Dv75A+czx/56ZX/</latexit>

sin ✓/✓ ! 0
<latexit sha1_base64="few+hUxOwothhfj93JQqhU2ZGtE=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmkiDxGCtYGItEH1ITVY7rtlYdO9g3SFXUmYVfYWEAIVa+gI2/wW0zQMuRLB2dc6+uz4kSwQ143rezsLi0vLJaWCuub2xubbs7u3WjUk1ZjSqhdDMihgkuWQ04CNZMNCNxJFgjGlyP/cYD04YreQfDhIUx6Une5ZSAldruAQSJVgkoHJh7DVkAfQbkJDBcTumo7Za8sjcBnid+TkooR7XtfgUdRdOYSaCCGNPyvQTCjGjgVLBRMUgNSwgdkB5rWSpJzEyYTaKM8JFVOrirtH0S8ET9vZGR2JhhHNnJmEDfzHpj8T+vlUL3Msy4TFJgkk4PdVOBbfJxL7jDNaMghpYQqrn9K6Z9ogkF217RluDPRp4n9dOyf14+u/VKlau8jgLaR4foGPnoAlXQDaqiGqLoET2jV/TmPDkvzrvzMR1dcPKdPfQHzucPewSbZg==</latexit>

t /
p

✓/ sin ✓

In the limit theta=pi, the axion field evolves as vacuum energy,  
quantum fluctuations drive the relaxation 
Such fine-tuned initial conditions might be disfavoured



Energy density and pressure

⇢ =
1

2
(ȧ)2 +

1

2
(ra)2 + V (a)

p =
1

2
(ȧ)2 � 1

2
(ra)2 � V (a)

<latexit sha1_base64="3EdBknRmrTwXxIq22XOXbQHMAMs="></latexit>

Tµ
⌫ = (@µa)(@⌫a)� L�µ⌫ = diag{⇢, p, p, p}
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a(t)

a0

DUST-like  
(axion number conservation)

Zero mode evolution

H ⇠ ma

t1 =
1

2H
⇠ 1

ma

time

<latexit sha1_base64="GzLnwDUwOBL/rQY4+/uCCfXUjJQ=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Wom5IIPpZFNy4r2Ac0IUymk3boJBNmboQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5gKrsFxvq2l5ZXVtfXSRnlza3tn197bb2mZKcqaVAqpOiHRTPCENYGDYJ1UMRKHgrXD4c3Ebz8wpblM7mGUMj8m/YRHnBIwUmAfemogPc1j3Kp6MGBAAuc0sCtOzZkCLxK3IBVUoBHYX15P0ixmCVBBtO66Tgp+ThRwKti47GWapYQOSZ91DU1IzLSfT68f4xOj9HAklakE8FT9PZGTWOtRHJrOmMBAz3sT8T+vm0F05ec8STNgCZ0tijKBQeJJFLjHFaMgRoYQqri5FdMBUYSCCaxsQnDnX14krbOae1E7v3Mq9esijhI6Qseoilx0ieroFjVQE1H0iJ7RK3qznqwX6936mLUuWcXMAfoD6/MHaE6Uiw==</latexit>

⇢ ⇠ V (✓0) <latexit sha1_base64="MeXCVJMteHpTkjpfl5tkYhmHIhQ=">AAACC3icbVC7TgJBFJ3FF+Jr1dJmAjGxwl2MjxK1sUQjj4RdyOwwwISZ3c3MXRNC6G38FRsLjbH1B+z8GwfYQsGT3NyTc+7NzD1BLLgGx/m2MkvLK6tr2fXcxubW9o69u1fTUaIoq9JIRKoREM0ED1kVOAjWiBUjMhCsHgyuJ379gSnNo/AehjHzJemFvMspASO17byn+pGnucSyfdkqedBnQExPleO71knbLjhFZwq8SNyUFFCKStv+8joRTSQLgQqiddN1YvBHRAGngo1zXqJZTOiA9FjT0JBIpv3R9JYxPjRKB3cjZSoEPFV/b4yI1HooAzMpCfT1vDcR//OaCXQv/BEP4wRYSGcPdROBIcKTYHCHK0ZBDA0hVHHzV0z7RBEKJr6cCcGdP3mR1EpF96x4eusUyldpHFl0gPLoCLnoHJXRDaqgKqLoET2jV/RmPVkv1rv1MRvNWOnOPvoD6/MHVT6Z8g==</latexit>

⇢ ⇠ m2
A✓

2 ⇠ mA/R
3

Vacuum-like*



Equation of state

<latexit sha1_base64="BLaSZ/vVKlzCi6VR3aVFB2qkb04="></latexit>

✓̈ + 3H ✓̇ +m
2
a sin ✓ ' 0

<latexit sha1_base64="W9da5aSxu3CV9XhQPn1Ll3Man/8=">AAAB9XicbVDJSgNBEO1xjXGLevTSGIR4CTOCy8FD0IvHCGaBzBh6OjVJk56F7holDPkPLx4U8eq/ePNv7CRz0MQHBY/3qqiq5ydSaLTtb2tpeWV1bb2wUdzc2t7ZLe3tN3WcKg4NHstYtX2mQYoIGihQQjtRwEJfQssf3kz81iMoLeLoHkcJeCHrRyIQnKGRHiouDgAZvaJuIk66pbJdtaegi8TJSZnkqHdLX24v5mkIEXLJtO44doJexhQKLmFcdFMNCeND1oeOoRELQXvZ9OoxPTZKjwaxMhUhnaq/JzIWaj0KfdMZMhzoeW8i/ud1UgwuvUxESYoQ8dmiIJUUYzqJgPaEAo5yZAjjSphbKR8wxTiaoIomBGf+5UXSPK0659WzO7tcu87jKJBDckQqxCEXpEZuSZ00CCeKPJNX8mY9WS/Wu/Uxa12y8pkD8gfW5w/w0pGA</latexit>

(✓ < ⇡)

- The energy in vacuum axion oscillations behaves like cold-dark-matter
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- Energy density redshifts as matter, from the onset of oscillations

Energy density today

- dilution until today

Smaller mass axions, start oscillating later, and get less diluted ...

time

⇢a(t)

mat ⇠ 1

tosc ⇠
1

ma

⇢a(t) ⇠ ✓2I�

✓
R1

R(t)

◆3

/ ✓2I�m
�3/2
a

H(t1) ⇠ ma

- with
⇢a(t0) / ✓2Im

� 6+n
4+n

a

� / T�n



Axion cold dark matter 

In the pre-inflation scenario, we can have essentially all CDM in axions  
if we are lucky and live in the correct Universe with the right initial misalignment angle

Borsanyi 2016

fine-tuning  
pi region

fine-tuning  
~0 region

(averaged numerically  
with anharmonicities)



Anthopic axion

- Anthropic selection arguments make "natural" or "viable" small θ0 initial conditions Tegmark 2006



Adiabatic fluctuations

isocurvature component

Planck observational upper-limit

Quantum fluctuations ... 

- During inflation, quantum fluctuations of the axion field grow and classicalise 

- These fluctuations are "independent" of the inflaton fluctuations 
they are of ISOCURVATURE type

- Analysis of CMB anisotropies reveal that CDM fluctuations are ADIABATIC,  
i.e. correlated with the Temperature fluctuations

- At t1, fluctuations in theta become fluctuations in the number density, i.e. CDM density
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Quantum fluctuations ... 

- Size of axion fluctuations

Piso =
dhnai
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Fluctuations of a (can. normalised) massless field
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θI would be the average value during inflation



Isocurvature bounds

Assume θI to give a percentage of DM, we have a bound on HI as a function of fA

IAXO Physics potential 2019



Isocurvature bounds

Assume θI to give a percentage of DM, we have a bound on HI as a function of fA

Hertzberg 2010



Exciting prospects

A measurement of primordial gravitational waves from inflation pinpoints HI

Next generation experiments could measure down to 
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A positive measurement has potential to exclude very strongly this pre-inflation scenario

Exciting prospects
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- Make 

Ways out!
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Fairbairn 2014

- In KDVZ, DFSZ models, fA is the vev of a  
scalar field, make it big during inflation! 
(you can make it the inflaton)

- Assume non-canonical kinetic terms, non-canonical couplings to gravity 
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Folkerts 2013

as in SMASH model, Ballesteros 2017



Related production mechanisms

- Stochastic axion scenario

Uses inflationary perturbations to generate DM axions

Graham 2018



Related production mechanisms

- kinetic misalignment

- Tipically increases the axion DM yield for a given fA

Co 2019
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ttrapping

- Axion receives a huge kick around inflation, spins around longer than t1


