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Thermal Axions: 
Production Mechanisms 

and Cosmological Signals



No detection of time 
reversal invariance violation 

by strong interactions

Why is the θ parameter 
of the QCD Lagrangian 

so small?
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The Strong CP Problem



The Peccei-Quinn Mechanism

New global U(1)PQ symmetry 

• spontaneously broken at the scale fa 
(with fa ≫ weak scale)

• anomalous under strong interactions

Peccei, Quinn, Phys.Rev.Lett. 38 (1977) and Phys.Rev.D 16 (1977)

Dynamical solution to the strong CP problem



The Peccei-Quinn Mechanism
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Pseudo Nambu-Goldstone boson in the 
low-energy spectrum (“QCD axion”) 
with (“anomalous”) coupling to gluons



The Peccei-Quinn Mechanism
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CP-conserving minimum!
Strong CP Problem Solved!



The QCD Axion
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Axion (zero-temperature) mass 
from non-perturbative potential 

The QCD axion is very light!
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• Anomalous coupling to gluons and 
(not mandatory) to EW gauge bosons

• Derivative couplings to fermions 

The QCD axion is very elusive!

Georgi, Kaplan, Randall,  PLB169 (1986)
Grilli di Cortona, Hardy, Vega, Villadoro, JHEP1601 (2016)



Axion Signals

Very light and weakly coupled: 
• detection challenging
• prominent role in the early universe

Irastorza and Redondo, Prog.Part.Nucl.Phys. 102 (2018)



Axion Signals

Very light and weakly coupled: 
• detection challenging
• prominent role in the early universe

Irastorza and Redondo, Prog.Part.Nucl.Phys. 102 (2018)

In this talk:
Thermal (hot) axions in the early universe

How they are produced and their imprint in cosmological observables



Cold Axions
(Dark Matter)



Bae, Huh, Kim, JCAP 0809 (2008)
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Initial field value? It depends…

Axion Dark Matter
✓ ⌘ a/f
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Dark matter relic density gives 
us a hint about what f could be



Bae, Huh, Kim, JCAP 0809 (2008)
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Dark matter relic density gives 
us a hint about what f could be

Was PQ broken during inflation?
If yes, was it restored afterward?
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Dark matter relic density gives 
us a hint about what f could be

Pre-Inflation
Single initial field value

Relic density depends on f and θi

Misalignment only

Post-Inflation
Average over initial field value

Relic density depends on f only

Misalignment + Topological defects



• PRE: initial field value unknown leads to a 
relation between θ and f (i.e. ma)

• POST: uncertain topological defects 
contribution leads to a range for f (i.e. ma)

Motivated range for f (with caveats):

• Larger f: dilute dark matter abundance or fine-tune initial field value
• Lower f: axion sub-dominant dark matter component

109 GeV . f . 1011 GeV
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Hot Axions
(Dark Radiation)



Thermal Axions

Scatterings and/or decays involving particles 
belonging to the primordial thermal bath

(axion energy much higher than ma, i.e. “hot”)

B1 B2 ! B3 a
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Scatterings and/or decays involving particles 
belonging to the primordial thermal bath

(axion energy much higher than ma, i.e. “hot”)
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Additional radiation at:

• BBN (ma ≲ MeV) 
• CMB formation (ma ≲ 0.3 eV)
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Dark Radiation in the CMB
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Axions may never thermalize

If they do, decoupling detail relevant 
(effect larger the experimental error)

Predicting ΔNeff
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If they do, decoupling detail relevant 
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Predicting ΔNeff

Right-hand side: processes 
changing number of axions
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<latexit sha1_base64="HYCtfzml08E+c6wQNbVUo2nUZAM=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIsgKGWmiLosunFZwT6gM5ZMmmlDk8yYZApl6He4caGIWz/GnX9j+lho64HLPZxzL7k5YcKZNq777eRWVtfWN/Kbha3tnd294v5BQ8epIrROYh6rVog15UzSumGG01aiKBYhp81wcDvxm0OqNIvlgxklNBC4J1nECDZWCnyRPp6dI99g2zvFklt2p0DLxJuTEsxR6xS//G5MUkGlIRxr3fbcxAQZVoYRTscFP9U0wWSAe7RtqcSC6iCbHj1GJ1bpoihWtqRBU/X3RoaF1iMR2kmBTV8vehPxP6+dmug6yJhMUkMlmT0UpRyZGE0SQF2mKDF8ZAkmitlbEeljhYmxORVsCN7il5dJo1L2LsuV+4tS9WYeRx6O4BhOwYMrqMId1KAOBJ7gGV7hzRk6L8678zEbzTnznUP4A+fzB3yJkUU=</latexit>

µ+, ⌧+

Production Mechanisms
Leptons

<latexit sha1_base64="VIXbi+WOBV34sQnetCQXefHh7Js=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgQstMEXVZdOOygn1AZyyZNNOGJpkxyRTK0O9w40IRt36MO//G9LHQ1gOXezjnXnJzwoQzbVz328mtrK6tb+Q3C1vbO7t7xf2Dho5TRWidxDxWrRBrypmkdcMMp61EUSxCTpvh4HbiN4dUaRbLBzNKaCBwT7KIEWysFPgifTw/Q77BtneKJbfsToGWiTcnJZij1il++d2YpIJKQzjWuu25iQkyrAwjnI4LfqppgskA92jbUokF1UE2PXqMTqzSRVGsbEmDpurvjQwLrUcitJMCm75e9Cbif147NdF1kDGZpIZKMnsoSjkyMZokgLpMUWL4yBJMFLO3ItLHChNjcyrYELzFLy+TRqXsXZYr9xel6s08jjwcwTGcggdXUIU7qEEdCDzBM7zCmzN0Xpx352M2mnPmO4fwB87nD4KpkUk=</latexit>

µ�, ⌧�
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They can 
alleviate 

the Hubble 
tension

FD, Ferreira, Notari, Bernal, JCAP 1811 (2018)



<latexit sha1_base64="0YZ47X6urfGZkPCSwWSNH+Tt1iw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5SkiHqSghePFewHtKFstpt26e4m7G6EEvoXvHhQxKt/yJv/xk2ag7Y+GHi8N8PMvCDmTBvX/XZKa+sbm1vl7crO7t7+QfXwqKOjRBHaJhGPVC/AmnImadsww2kvVhSLgNNuML3L/O4TVZpF8tHMYuoLPJYsZASbXLpAwbBac+tuDrRKvILUoEBrWP0ajCKSCCoN4VjrvufGxk+xMoxwOq8MEk1jTKZ4TPuWSiyo9tP81jk6s8oIhZGyJQ3K1d8TKRZaz0RgOwU2E73sZeJ/Xj8x4Y2fMhknhkqyWBQmHJkIZY+jEVOUGD6zBBPF7K2ITLDCxNh4KjYEb/nlVdJp1L2reuPhsta8LeIowwmcwjl4cA1NuIcWtIHABJ7hFd4c4bw4787HorXkFDPH8AfO5w9Zm43H</latexit>

t, b

<latexit sha1_base64="DSCrN24U74K+NE8hv2I0e1VljeM=">AAAB+XicbZDLSsNAFIZPvNZ6i7p0M1gEF1KSIupKCm5cVrAXaEOZTCft0MmFmZNCCX0TNy4UceubuPNtnKZZaOsPAx//OYdz5vcTKTQ6zre1tr6xubVd2inv7u0fHNpHxy0dp4rxJotlrDo+1VyKiDdRoOSdRHEa+pK3/fH9vN6ecKVFHD3hNOFeSIeRCASjaKy+bfd8qjKcXZIc/FnfrjhVJxdZBbeAChRq9O2v3iBmacgjZJJq3XWdBL2MKhRM8lm5l2qeUDamQ941GNGQay/LL5+Rc+MMSBAr8yIkuft7IqOh1tPQN50hxZFers3N/2rdFINbLxNRkiKP2GJRkEqCMZnHQAZCcYZyaoAyJcythI2oogxNWGUTgrv85VVo1arudbX2eFWp3xVxlOAUzuACXLiBOjxAA5rAYALP8ApvVma9WO/Wx6J1zSpmTuCPrM8faLSTgg==</latexit>

t̄, b̄

Production Mechanisms
3rd Gen. Quarks

<latexit sha1_base64="+fKojg6tpcWyKA5iVPidxaVzTUs=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgRW8RzAOSNcxOepMhsw9mZpWw7H948aCIV//Fm3/jZLMHTSxoKKq6p6fLiwVX2ra/rZXVtfWNzdJWeXtnd2+/cnDYVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9czvPKJUPArv9TRGN6CjkPucUW2kh37+QipxmKU0G1Sqds3OQZaJU5AqFGgOKl/9YcSSAEPNBFWq59ixdlMqNWcCs3I/URhTNqEj7Bka0gCVm+Y7M3JqlCHxI2kq1CRXf0+kNFBqGnimM6B6rBa9mfif10u0f+WmPIwTjSGbL/ITQXREZhGQIZfItJgaQpnk5q+EjamkTJugyiYEZ/HkZdKu15yLWv3uvNq4LeIowTGcwBk4cAkNuIEmtICBhGd4hTfryXqx3q2PeeuKVcwcwR9Ynz9eU5Mb</latexit>a
Within the 

reach of  
CMB-S4 
surveys

Arias-Aragon, FD, Ferreira, Merlo, Notari, JCAP 03 (2021)



<latexit sha1_base64="+fKojg6tpcWyKA5iVPidxaVzTUs=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgRW8RzAOSNcxOepMhsw9mZpWw7H948aCIV//Fm3/jZLMHTSxoKKq6p6fLiwVX2ra/rZXVtfWNzdJWeXtnd2+/cnDYVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9czvPKJUPArv9TRGN6CjkPucUW2kh37+QipxmKU0G1Sqds3OQZaJU5AqFGgOKl/9YcSSAEPNBFWq59ixdlMqNWcCs3I/URhTNqEj7Bka0gCVm+Y7M3JqlCHxI2kq1CRXf0+kNFBqGnimM6B6rBa9mfif10u0f+WmPIwTjSGbL/ITQXREZhGQIZfItJgaQpnk5q+EjamkTJugyiYEZ/HkZdKu15yLWv3uvNq4LeIowTGcwBk4cAkNuIEmtICBhGd4hTfryXqx3q2PeeuKVcwcwR9Ynz9eU5Mb</latexit>a

<latexit sha1_base64="0YZ47X6urfGZkPCSwWSNH+Tt1iw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5SkiHqSghePFewHtKFstpt26e4m7G6EEvoXvHhQxKt/yJv/xk2ag7Y+GHi8N8PMvCDmTBvX/XZKa+sbm1vl7crO7t7+QfXwqKOjRBHaJhGPVC/AmnImadsww2kvVhSLgNNuML3L/O4TVZpF8tHMYuoLPJYsZASbXLpAwbBac+tuDrRKvILUoEBrWP0ajCKSCCoN4VjrvufGxk+xMoxwOq8MEk1jTKZ4TPuWSiyo9tP81jk6s8oIhZGyJQ3K1d8TKRZaz0RgOwU2E73sZeJ/Xj8x4Y2fMhknhkqyWBQmHJkIZY+jEVOUGD6zBBPF7K2ITLDCxNh4KjYEb/nlVdJp1L2reuPhsta8LeIowwmcwjl4cA1NuIcWtIHABJ7hFd4c4bw4787HorXkFDPH8AfO5w9Zm43H</latexit>

t, b

<latexit sha1_base64="DSCrN24U74K+NE8hv2I0e1VljeM=">AAAB+XicbZDLSsNAFIZPvNZ6i7p0M1gEF1KSIupKCm5cVrAXaEOZTCft0MmFmZNCCX0TNy4UceubuPNtnKZZaOsPAx//OYdz5vcTKTQ6zre1tr6xubVd2inv7u0fHNpHxy0dp4rxJotlrDo+1VyKiDdRoOSdRHEa+pK3/fH9vN6ecKVFHD3hNOFeSIeRCASjaKy+bfd8qjKcXZIc/FnfrjhVJxdZBbeAChRq9O2v3iBmacgjZJJq3XWdBL2MKhRM8lm5l2qeUDamQ941GNGQay/LL5+Rc+MMSBAr8yIkuft7IqOh1tPQN50hxZFers3N/2rdFINbLxNRkiKP2GJRkEqCMZnHQAZCcYZyaoAyJcythI2oogxNWGUTgrv85VVo1arudbX2eFWp3xVxlOAUzuACXLiBOjxAA5rAYALP8ApvVma9WO/Wx6J1zSpmTuCPrM8faLSTgg==</latexit>

t̄, b̄
<latexit sha1_base64="HYCtfzml08E+c6wQNbVUo2nUZAM=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIsgKGWmiLosunFZwT6gM5ZMmmlDk8yYZApl6He4caGIWz/GnX9j+lho64HLPZxzL7k5YcKZNq777eRWVtfWN/Kbha3tnd294v5BQ8epIrROYh6rVog15UzSumGG01aiKBYhp81wcDvxm0OqNIvlgxklNBC4J1nECDZWCnyRPp6dI99g2zvFklt2p0DLxJuTEsxR6xS//G5MUkGlIRxr3fbcxAQZVoYRTscFP9U0wWSAe7RtqcSC6iCbHj1GJ1bpoihWtqRBU/X3RoaF1iMR2kmBTV8vehPxP6+dmug6yJhMUkMlmT0UpRyZGE0SQF2mKDF8ZAkmitlbEeljhYmxORVsCN7il5dJo1L2LsuV+4tS9WYeRx6O4BhOwYMrqMId1KAOBJ7gGV7hzRk6L8678zEbzTnznUP4A+fzB3yJkUU=</latexit>

µ+, ⌧+

Production Mechanisms
Leptons

<latexit sha1_base64="VIXbi+WOBV34sQnetCQXefHh7Js=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgQstMEXVZdOOygn1AZyyZNNOGJpkxyRTK0O9w40IRt36MO//G9LHQ1gOXezjnXnJzwoQzbVz328mtrK6tb+Q3C1vbO7t7xf2Dho5TRWidxDxWrRBrypmkdcMMp61EUSxCTpvh4HbiN4dUaRbLBzNKaCBwT7KIEWysFPgifTw/Q77BtneKJbfsToGWiTcnJZij1il++d2YpIJKQzjWuu25iQkyrAwjnI4LfqppgskA92jbUokF1UE2PXqMTqzSRVGsbEmDpurvjQwLrUcitJMCm75e9Cbif147NdF1kDGZpIZKMnsoSjkyMZokgLpMUWL4yBJMFLO3ItLHChNjcyrYELzFLy+TRqXsXZYr9xel6s08jjwcwTGcggdXUIU7qEEdCDzBM7zCmzN0Xpx352M2mnPmO4fwB87nD4KpkUk=</latexit>

µ�, ⌧�

3rd Gen. Quarks

<latexit sha1_base64="+fKojg6tpcWyKA5iVPidxaVzTUs=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgRW8RzAOSNcxOepMhsw9mZpWw7H948aCIV//Fm3/jZLMHTSxoKKq6p6fLiwVX2ra/rZXVtfWNzdJWeXtnd2+/cnDYVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9czvPKJUPArv9TRGN6CjkPucUW2kh37+QipxmKU0G1Sqds3OQZaJU5AqFGgOKl/9YcSSAEPNBFWq59ixdlMqNWcCs3I/URhTNqEj7Bka0gCVm+Y7M3JqlCHxI2kq1CRXf0+kNFBqGnimM6B6rBa9mfif10u0f+WmPIwTjSGbL/ITQXREZhGQIZfItJgaQpnk5q+EjamkTJugyiYEZ/HkZdKu15yLWv3uvNq4LeIowTGcwBk4cAkNuIEmtICBhGd4hTfryXqx3q2PeeuKVcwcwR9Ynz9eU5Mb</latexit>a

1st and 2nd Gen. Quarks and Gluons

<latexit sha1_base64="+fKojg6tpcWyKA5iVPidxaVzTUs=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgRW8RzAOSNcxOepMhsw9mZpWw7H948aCIV//Fm3/jZLMHTSxoKKq6p6fLiwVX2ra/rZXVtfWNzdJWeXtnd2+/cnDYVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9czvPKJUPArv9TRGN6CjkPucUW2kh37+QipxmKU0G1Sqds3OQZaJU5AqFGgOKl/9YcSSAEPNBFWq59ixdlMqNWcCs3I/URhTNqEj7Bka0gCVm+Y7M3JqlCHxI2kq1CRXf0+kNFBqGnimM6B6rBa9mfif10u0f+WmPIwTjSGbL/ITQXREZhGQIZfItJgaQpnk5q+EjamkTJugyiYEZ/HkZdKu15yLWv3uvNq4LeIowTGcwBk4cAkNuIEmtICBhGd4hTfryXqx3q2PeeuKVcwcwR9Ynz9eU5Mb</latexit>a
<latexit sha1_base64="vm3knE/N8mg43ogIZEjUasf1Aw0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWag775Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV77Jaa15U6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ac2LjO4=</latexit>g

QCD phase transition 
cannot be ignored

FD, Hajkarim, Yun, Phys.Rev.Lett. 128 (2022)
FD, Hajkarim, Yun, JHEP 10 (2021)

<latexit sha1_base64="cxvxk8re9A4DGHG2v6WUgXR727E=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIi6rLoxmUL9gFtKJPJTTt0MokzE6GE4ge41U9wJ279Fr/A33DaZqGtBy4czrmXe+/xE86Udpwvq7C2vrG5Vdwu7ezu7R+UD4/aKk4lxRaNeSy7PlHImcCWZppjN5FIIp9jxx/fzvzOI0rFYnGvJwl6ERkKFjJKtJGaD4Nyxak6c9irxM1JBXI0BuXvfhDTNEKhKSdK9Vwn0V5GpGaU47TUTxUmhI7JEHuGChKh8rL5oVP7zCiBHcbSlND2XP09kZFIqUnkm86I6JFa9mbiv54yp4wwWFqvw2svYyJJNQq62B6m3NaxPYvCDphEqvnEEEIlMw/YdEQkodoEVjLJuMs5rJJ2repeVmvNi0r9Js+oCCdwCufgwhXU4Q4a0AIKCM/wAq/Wk/VmvVsfi9aClc8cwx9Ynz/F35XV</latexit>q

<latexit sha1_base64="vm3knE/N8mg43ogIZEjUasf1Aw0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWag775Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV77Jaa15U6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ac2LjO4=</latexit>g
<latexit sha1_base64="13rfo1sE9SfZU0hBkFL4t/dYUC8=">AAACA3icbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHoxWME84BkCbOznWTI7Ow6MyuEJUc/wKt+gjfx6of4Bf6Gk2QPmljQUFR1090VJIJr47pfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+W9GSfoR3QgeZ8zaqzU6gZUZQ+TXqnsVtwZyDLxclKGHPVe6bsbxiyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbuhJxaJST9WNmShszU3xMZjbQeR4HtjKgZ6kVvKv7raXvKEMOF9aZ/5WdcJqlByebb+6kgJibTQEjIFTIjxpZQprh9gLAhVZQZG1vRJuMt5rBMmtWKd1Gp3p2Xa9d5RgU4hhM4Aw8uoQa3UIcGMBjBM7zAq/PkvDnvzse8dcXJZ47gD5zPH7lSmJo=</latexit>

q̄

<latexit sha1_base64="+fKojg6tpcWyKA5iVPidxaVzTUs=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgRW8RzAOSNcxOepMhsw9mZpWw7H948aCIV//Fm3/jZLMHTSxoKKq6p6fLiwVX2ra/rZXVtfWNzdJWeXtnd2+/cnDYVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9czvPKJUPArv9TRGN6CjkPucUW2kh37+QipxmKU0G1Sqds3OQZaJU5AqFGgOKl/9YcSSAEPNBFWq59ixdlMqNWcCs3I/URhTNqEj7Bka0gCVm+Y7M3JqlCHxI2kq1CRXf0+kNFBqGnimM6B6rBa9mfif10u0f+WmPIwTjSGbL/ITQXREZhGQIZfItJgaQpnk5q+EjamkTJugyiYEZ/HkZdKu15yLWv3uvNq4LeIowTGcwBk4cAkNuIEmtICBhGd4hTfryXqx3q2PeeuKVcwcwR9Ynz9eU5Mb</latexit>a

Arias-Aragon, FD, Ferreira, Merlo, Notari, JCAP 03 (2021)FD, Ferreira, Notari, Bernal, JCAP 1811 (2018)



<latexit sha1_base64="+fKojg6tpcWyKA5iVPidxaVzTUs=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgRW8RzAOSNcxOepMhsw9mZpWw7H948aCIV//Fm3/jZLMHTSxoKKq6p6fLiwVX2ra/rZXVtfWNzdJWeXtnd2+/cnDYVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9czvPKJUPArv9TRGN6CjkPucUW2kh37+QipxmKU0G1Sqds3OQZaJU5AqFGgOKl/9YcSSAEPNBFWq59ixdlMqNWcCs3I/URhTNqEj7Bka0gCVm+Y7M3JqlCHxI2kq1CRXf0+kNFBqGnimM6B6rBa9mfif10u0f+WmPIwTjSGbL/ITQXREZhGQIZfItJgaQpnk5q+EjamkTJugyiYEZ/HkZdKu15yLWv3uvNq4LeIowTGcwBk4cAkNuIEmtICBhGd4hTfryXqx3q2PeeuKVcwcwR9Ynz9eU5Mb</latexit>a

<latexit sha1_base64="vm3knE/N8mg43ogIZEjUasf1Aw0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWag775Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV77Jaa15U6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ac2LjO4=</latexit>g

<latexit sha1_base64="vm3knE/N8mg43ogIZEjUasf1Aw0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWag775Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV77Jaa15U6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ac2LjO4=</latexit>g

Gluon coupling

FD, Hajkarim, Yun, Phys.Rev.Lett. 128 (2022) 15
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Thermalization via pion scattering 
requires rather small values of fa

Perturbative control only for T < 62 MeV
  Phys.Lett.B 316 (1993)

Di Luzio, Martinelli, Piazza, Phys.Rev.Lett. 126 (2021)



Thermal Gluon Scattering
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Rate Across the QCDPT
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Rate Across the QCDPT

Thermal Field Theory calculation 
extended to lower temperatures 

(but still in the QCD perturbative regime)
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Rate Across the QCDPT

Pion scatterings below the QCDPT

Leading order result valid for T < 62 MeV
Di Luzio, Martinelli, Piazza, Phys. Rev. Lett. 126 (2021)

FD, Hajkarim, Yun, Phys.Rev.Lett. 128 (2022)
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Rate Across the QCDPT

Interpolation in the 
intermediate region

Similar if we have also 
coupling to quarks

FD, Hajkarim, Yun, Phys.Rev.Lett. 128 (2022)



UV Completions

FD, Hajkarim, Yun, JHEP 10 (2021)
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KSVZ Axion — Production Rate
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KSVZ Axion — Production Rate
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KSVZ Axion — Ya vs x

FD, Hajkarim, Yun, JHEP 10 (2021)



KSVZ Axion — ΔNeff

FD, Hajkarim, Yun, JHEP 10 (2021)



DFSZ Axion — Theory
Energy

Zhitnitsky, SJNP 31 (1980)
Dine, Fischler, Srednicki, PLB 104 (1981)
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DFSZ Axion — Production Rate
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DFSZ Axion — Production Rate
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DFSZ Axion — Ya vs x

FD, Hajkarim, Yun, JHEP 10 (2021)



DFSZ Axion — ΔNeff

FD, Hajkarim, Yun, JHEP 10 (2021)



FD, Yun, Phys.Rev.D 105 (2022)
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 ̄j
Target of several 

terrestrial experiments

What about their role 
in the early universe?

They mediate hot axion production 
via decays and scatterings
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Global Cosmological Analysis

FD, Di Valentino, Giarè, Hajkarim, Melchiorri, Mena, Renzi, Yun, arXiv:2205.07849  



Global Cosmological Analysis

FD, Di Valentino, Giarè, Hajkarim, Melchiorri, Mena, Renzi, Yun, arXiv:2205.07849  

Axion 
production

BBN with 
axions

CMB with 
axions

BAO with 
axions



KSVZ Axion Mass Bound

FD, Di Valentino, Giarè, Hajkarim, Melchiorri, Mena, Renzi, Yun, arXiv:2205.07849  



FD, Di Valentino, Giarè, Hajkarim, Melchiorri, Mena, Renzi, Yun, arXiv:2205.07849  

95% and 99% CL

KSVZ Axion Mass Bound



DFSZ Axion Mass Bound

FD, Di Valentino, Giarè, Hajkarim, Melchiorri, Mena, Renzi, Yun, arXiv:2205.07849  



FD, Di Valentino, Giarè, Hajkarim, Melchiorri, Mena, Renzi, Yun, arXiv:2205.07849  

95% and 99% CL

DFSZ Axion Mass Bound



Outlook

Peccei-Quinn Mechanism and QCD Axion
Motivated and testable scenario 

for physics beyond the standard model 
rich of cosmological consequences



Outlook

&

Thermally Produced Axions
Complementary to other probes of the PQ mechanism



Outlook

&

Future Work
Other UV completions (e.g. for flavor violation),

modified cosmological histories, beyond the QCD axion…
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The Strong CP Problem

CP violation in Quantum Chromodynamics
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The QCD Axion

Peccei-Quinn (PQ) solution:
θ promoted to a field (axion)

Axion field value is 
dynamically relaxed to zero

An appealing dark 
matter candidate

Theoretical top-down motivation

Recent experimental effort, 
new ideas for axion detection



Axion Cold Dark Matter

d
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Axion condensate evolution in the early universe

Bae, Huh, Kim, JCAP 0809 (2008)
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What is the initial axion field value?
It depends…

• 3H(T) > ma(T): axion field stuck by “Hubble “friction

• 3H(T) < ma(T): axion field oscillates, energy density 
stored in oscillations evolves as non-relativistic matter



Pre-Inflation Scenario

Borsanyi et al., Nature 539 (2016)

Pre-Inflation Scenario:
PQ broken during inflation and not restored afterward

Axion field homogenized
One single (unknown) value of over the entire horizon

No Fourier higher-modes, no topological defects

✓2i f
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θ ~ O(1) 
“natural”



Post-Inflation Scenario

Borsanyi et al., Nature 539 (2016)

Post-Inflation Scenario:
PQ broken after inflation

Average over initial value of axion field
Additional contribution from topological defects 

(significant uncertainty)



Axion Cold Dark Matter

Borsanyi et al., Nature 539 (2016)



Thermal Bath I - Energy

g� - Ref. [32]

g� - Ref. [33]
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[32] Drees, Hajkarim, Schmitz, JCAP 06 (2015)
[33] Saikawa, Shirai JCAP 05 (2018) 035

FD, Hajkarim, Yun, JHEP 10 (2021) 224



Thermal Bath II - Entropy

g�s - Ref.[32]

g�s - Ref.[33]
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[32] Drees, Hajkarim, Schmitz, JCAP 06 (2015)
[33] Saikawa, Shirai JCAP 05 (2018) 035



Collision Rates
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ΔNeff barely within reach 
of future CMB survyes

Potentially large 
contribution to ΔNeff



Production via Fermions



Production Rates — Leptons

Production vs 
Expansion Rates:
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Production Rates — Leptons

Production vs 
Expansion Rates:
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Efficient at high temperatures
(UV production)

Efficient at low temperatures
(IR production)



Production Rates — Leptons

Production vs 
Expansion Rates:
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ΔNeff barely within reach 
of future CMB survyes

Potentially large 
contribution to ΔNeff



Production Rates — Leptons
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•Production rate enhanced for heavy leptons

•IR domination makes largest achievable 
ΔNeff originating from light leptons
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ΔNeff from Leptophilic Axions
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Hot Axions and H0 Tension

Mismatch between early and 
late universe measurements

ΔNeff  can be the origin

Could it be from axions?

Tension alleviated but… 
interacting only with heavy 
leptons and large couplings

 Planck 2018 results —1807.06209 
A. G. Riess et al.,  Astrophys.J. 861 (2018)

Bernal, Verde, Riess, JCAP 1610 (2016)

FD, Ferreira, Notari, Bernal JCAP 1811 (2018)



Posterior Distribution (flat ΔNeff)

5 6 7 8 9

log10(f/c)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

P
/P

m
ax

µ, scattering ø , scattering ø , decay

FD, Ferreira, Notari, Bernal JCAP 1811 (2018)



Hubble Tension

FD, Ferreira, Notari, Bernal JCAP 1811 (2018)



Production Rates — Heavy Quarks

Production vs 
Expansion Rates:
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Below EWPT

(and others)

(and others)
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•Strong interactions enhance the rate

•Top quark requires a careful evaluation of EWPT 
(well-studied above and below the EWPT)

•Perturbative analysis only for b and t (confinement)

Production Rates — Heavy Quarks
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Salvio, Strumia, Xue, JCAP 1401 (2014) 
Ferreira, Notari, Phys.Rev.Lett. 120 (2018)



Top scatterings across the EWPT

Arias-Aragon, FD, Ferreira, Merlo, Notari, JCAP 03 (2021)



ΔNeff from Heavy Quarks

Arias-Aragon, FD, Ferreira, Merlo, Notari, JCAP 03 (2021)



ΔNeff around the QCDPT

FD, Hajkarim, Yun, Phys.Rev.Lett. 128 (2022)



More on the Interpolation

FD, Hajkarim, Yun, Phys.Rev.Lett. 128 (2022)



DFSZ with TeV Heavy Higgses
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FD, Hajkarim, Yun, JHEP 10 (2021)



DFSZ with TeV Heavy Higgses

FD, Hajkarim, Yun, JHEP 10 (2021)


