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Cosmological Imprints 
of Hot Axions



Strong CP Problem: 
Serious Puzzle in 

Fundamental Physics

The Strong CP Problem

Peccei, Quinn, PRL 38 (1977) and PRD 16 (1977)

Peccei-Quinn Mechanism: New Global U(1)PQ

• spontaneously broken at the scale fa (with fa ≫ weak scale)
• anomalous under strong interactions



The QCD Axion
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CP-conserving minimum!
Strong CP Problem Solved!



Cold Axions
(Dark Matter)



Cold Axions: Dark Matter

Borsanyi et al., Nature 539 (2016) — 1606.07494



Hot Axions
(Dark Radiation)



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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Hot Axions: Dark Radiation



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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They manifest themselves as 
additional radiation in the CMB 

anisotropy spectrum
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Hot Axions: Dark Radiation
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Axions may never thermalize

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

ΔNeff: Reliable Predictions

FD, Hajkarim, Yun, JHEP 10 (2021) 224 — 2108.05371 
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Axions may never thermalize

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

ΔNeff: Reliable Predictions

FD, Hajkarim, Yun, JHEP 10 (2021) 224 — 2108.05371 

<latexit sha1_base64="p+NR5s3TYRGiDjqega5cSYYEq0A=">AAACH3icbVBNSwMxEM36bf2qevQSLIIglF2V6kUQvfRYwbZCtyyz2WwbmmSXJCuUpf/Ei3/FiwdFxJv/xmzdg1ofBN68N8NkXphypo3rfjpz8wuLS8srq5W19Y3Nrer2TkcnmSK0TRKeqLsQNOVM0rZhhtO7VFEQIafdcHRd+N17qjRL5K0Zp7QvYCBZzAgYKwXVhh8rIHmEZQCTPDITfIRPcLMo8QX2dSYCH3g6BOwPQAgoq6Bac+vuFHiWeCWpoRKtoPrhRwnJBJWGcNC657mp6eegDCOcTip+pmkKZAQD2rNUgqC6n0/vm+ADq0Q4TpR90uCp+nMiB6H1WIS2U4AZ6r9eIf7n9TITn/dzJtPMUEm+F8UZxybBRVg4YooSw8eWAFHM/hWTIdjAjI20YkPw/p48SzrHda9RP745rV1elXGsoD20jw6Rh87QJWqiFmojgh7QE3pBr86j8+y8Oe/frXNOObOLfsH5/AIItaHD</latexit>

dna

dt
+ 3Hna =

X

↵

�↵

<latexit sha1_base64="KsAvdsUNtFlO9tqzLr6ifenkRcw="></latexit>

Lint = cX
a

fa

↵X

8⇡
Xµ⌫X̃µ⌫ + c 

@µa

fa
 �µ�5 



FD, Ferreira, Notari, Bernal
JCAP 1811 (2018) — 1808.07430

Arias-Aragon, FD, Ferreira, Merlo, Notari
JCAP 03 (2021) — 2012.04736
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Production Mechanisms
Leptons
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µ�, ⌧�

3rd Gen. Quarks

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



FD, Ferreira, Notari, Bernal
JCAP 1811 (2018) — 1808.07430

Arias-Aragon, FD, Ferreira, Merlo, Notari
JCAP 03 (2021) — 2012.04736

<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

They can 
alleviate 

the Hubble 
tension

Within the 
reach of  
CMB-S4 
surveys



FD, Ferreira, Notari, Bernal
JCAP 1811 (2018) — 1808.07430

Arias-Aragon, FD, Ferreira, Merlo, Notari
JCAP 03 (2021) — 2012.04736

<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

<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, JHEP 10 (2021) 224 — 2108.05371 
FD, Hajkarim, Yun — 2108.04259



Model Independent Contribution
<latexit sha1_base64="g+qMXxtW9GVsjVkKfdoq/DPeNEQ="></latexit> a

fa

↵s

8⇡
Gµ⌫G̃µ⌫Strong CP Problem



Model Independent Contribution
<latexit sha1_base64="g+qMXxtW9GVsjVkKfdoq/DPeNEQ="></latexit> a

fa

↵s

8⇡
Gµ⌫G̃µ⌫Strong CP Problem

Above QCDPT
<latexit sha1_base64="nvfXidq4oq+znvZAPP9guBCgFuE=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpIKAWMFC2OR6ENqo8pxnNSqY0e2A6qiriz8CgsDCLHyB2z8DU6aAVqOZen4nHt97eMnjCrtON9WZWV1bX2julnb2t7Z3bP3D7pKpBKTDhZMyL6PFGGUk46mmpF+IgmKfUZ6/uQ693v3RCoq+J2eJsSLUcRpSDHSRhrZMDJrKGk01khK8ZCfilszSYJZhmYju+40nAJwmbglqYMS7ZH9NQwETmPCNWZIqYHrJNrLkNQUMzKrDVNFEoQnKCIDQzmKifKyYuYMnhglgKGQZnMNC/V3R4ZipaaxbypjpMdq0cvF/7xBqsNLL6M8STXheD4oTBnUAuaxwIBKgjWbGoKwpOatEI+RRFib8GomBHfxy8uk22y4543m7Vm9dVXGUQVH4BicAhdcgBa4AW3QARg8gmfwCt6sJ+vFerc+5qUVq+w5BH9gff4AoOuaUw==</latexit>

gg ! ga
<latexit sha1_base64="nGfo8za04W7iJEEBeU8D9fm+Q/4=">AAACD3icbVC7TsMwFHV4lvIqMLJYVCCmKqkQMFawMBaJPqSmqm5cJ7XqOKntgKoof8DCr7AwgBArKxt/g5t2gJYjXenonHt9fY8Xc6a0bX9bS8srq2vrhY3i5tb2zm5pb7+pokQS2iARj2TbA0U5E7Shmea0HUsKocdpyxteT/zWPZWKReJOj2PaDSEQzGcEtJF6pRPXA5mOMjzCrmTBQIOU0QMOsJu/nUraz1LIeqWyXbFz4EXizEgZzVDvlb7cfkSSkApNOCjVcexYd1OQmhFOs6KbKBoDGUJAO4YKCKnqpvnODB8bpY/9SJoSGufq74kUQqXGoWc6Q9ADNe9NxP+8TqL9y27KRJxoKsh0kZ9wrCM8CQf3maRE87EhQCQzf8VkABKINhEWTQjO/MmLpFmtOOeV6u1ZuXY1i6OADtEROkUOukA1dIPqqIEIekTP6BW9WU/Wi/VufUxbl6zZzAH6A+vzB9AQnSw=</latexit>

q̄q ! ga
<latexit sha1_base64="vFpbprE1D3DAXEBfjDNdY+pZOdA=">AAACH3icbVDLSgMxFM3UV62vqks3wSK4qjNFquCm6MZlBfuAzlDuZNI2NPNoklHKMH/ixl9x40IRcde/MW1nYVsPBA7n3Mu5OW7EmVSmOTFya+sbm1v57cLO7t7+QfHwqCnDWBDaICEPRdsFSTkLaEMxxWk7EhR8l9OWO7yb+q0nKiQLg0c1jqjjQz9gPUZAaalbrI4ubBdEMkqxfYP72BasP1AgRPiMFyx7lpUI6qUJpN1iySybM+BVYmWkhDLUu8Uf2wtJ7NNAEQ5SdiwzUk4CQjHCaVqwY0kjIEPo046mAfhUOsksM8VnWvFwLxT6BQrP1L8bCfhSjn1XT/qgBnLZm4r/eZ1Y9a6dhAVRrGhA5kG9mGMV4mlZ2GOCEsXHmgARTN+KyQAEEKUrLegSrOUvr5JmpWxVy5WHy1LtNqsjj07QKTpHFrpCNXSP6qiBCHpBb+gDfRqvxrvxZXzPR3NGtnOMFmBMfgEE5aMD</latexit>

q/q̄ g ! q/q̄ a

Long-range of gluon-mediated interactions 
give rise to unpleasant IR behavior

Masso, Rota, Zsembinszki, PRD66 (2002) — 0203221 
Graf, Steffen, PRD 83 (2011) — 1008.4528 

Salvio, Strumia, Xue, JCAP 01 — 1310.6982



Model Independent Contribution
<latexit sha1_base64="g+qMXxtW9GVsjVkKfdoq/DPeNEQ="></latexit> a

fa

↵s

8⇡
Gµ⌫G̃µ⌫Strong CP Problem

Above QCDPT

Below QCDPT

<latexit sha1_base64="nvfXidq4oq+znvZAPP9guBCgFuE=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqpIKAWMFC2OR6ENqo8pxnNSqY0e2A6qiriz8CgsDCLHyB2z8DU6aAVqOZen4nHt97eMnjCrtON9WZWV1bX2julnb2t7Z3bP3D7pKpBKTDhZMyL6PFGGUk46mmpF+IgmKfUZ6/uQ693v3RCoq+J2eJsSLUcRpSDHSRhrZMDJrKGk01khK8ZCfilszSYJZhmYju+40nAJwmbglqYMS7ZH9NQwETmPCNWZIqYHrJNrLkNQUMzKrDVNFEoQnKCIDQzmKifKyYuYMnhglgKGQZnMNC/V3R4ZipaaxbypjpMdq0cvF/7xBqsNLL6M8STXheD4oTBnUAuaxwIBKgjWbGoKwpOatEI+RRFib8GomBHfxy8uk22y4543m7Vm9dVXGUQVH4BicAhdcgBa4AW3QARg8gmfwCt6sJ+vFerc+5qUVq+w5BH9gff4AoOuaUw==</latexit>

gg ! ga
<latexit sha1_base64="nGfo8za04W7iJEEBeU8D9fm+Q/4=">AAACD3icbVC7TsMwFHV4lvIqMLJYVCCmKqkQMFawMBaJPqSmqm5cJ7XqOKntgKoof8DCr7AwgBArKxt/g5t2gJYjXenonHt9fY8Xc6a0bX9bS8srq2vrhY3i5tb2zm5pb7+pokQS2iARj2TbA0U5E7Shmea0HUsKocdpyxteT/zWPZWKReJOj2PaDSEQzGcEtJF6pRPXA5mOMjzCrmTBQIOU0QMOsJu/nUraz1LIeqWyXbFz4EXizEgZzVDvlb7cfkSSkApNOCjVcexYd1OQmhFOs6KbKBoDGUJAO4YKCKnqpvnODB8bpY/9SJoSGufq74kUQqXGoWc6Q9ADNe9NxP+8TqL9y27KRJxoKsh0kZ9wrCM8CQf3maRE87EhQCQzf8VkABKINhEWTQjO/MmLpFmtOOeV6u1ZuXY1i6OADtEROkUOukA1dIPqqIEIekTP6BW9WU/Wi/VufUxbl6zZzAH6A+vzB9AQnSw=</latexit>

q̄q ! ga
<latexit sha1_base64="vFpbprE1D3DAXEBfjDNdY+pZOdA=">AAACH3icbVDLSgMxFM3UV62vqks3wSK4qjNFquCm6MZlBfuAzlDuZNI2NPNoklHKMH/ixl9x40IRcde/MW1nYVsPBA7n3Mu5OW7EmVSmOTFya+sbm1v57cLO7t7+QfHwqCnDWBDaICEPRdsFSTkLaEMxxWk7EhR8l9OWO7yb+q0nKiQLg0c1jqjjQz9gPUZAaalbrI4ubBdEMkqxfYP72BasP1AgRPiMFyx7lpUI6qUJpN1iySybM+BVYmWkhDLUu8Uf2wtJ7NNAEQ5SdiwzUk4CQjHCaVqwY0kjIEPo046mAfhUOsksM8VnWvFwLxT6BQrP1L8bCfhSjn1XT/qgBnLZm4r/eZ1Y9a6dhAVRrGhA5kG9mGMV4mlZ2GOCEsXHmgARTN+KyQAEEKUrLegSrOUvr5JmpWxVy5WHy1LtNqsjj07QKTpHFrpCNXSP6qiBCHpBb+gDfRqvxrvxZXzPR3NGtnOMFmBMfgEE5aMD</latexit>

q/q̄ g ! q/q̄ a

Long-range of gluon-mediated interactions 
give rise to unpleasant IR behavior

Masso, Rota, Zsembinszki, PRD66 (2002) — 0203221 
Graf, Steffen, PRD 83 (2011) — 1008.4528 

Salvio, Strumia, Xue, JCAP 01 — 1310.6982

<latexit sha1_base64="vUAPdZ+CnxHHfSYMPw0h/evBJHg=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKqkQMFawMBaJPqQ2qhzHaa06TmTfgKqof8DCr7AwgBArKxt/g5tmgJYjXen4nHt97eMngmtwnG9raXlldW29tFHe3Nre2bX39ls6ThVlTRqLWHV8opngkjWBg2CdRDES+YK1/dH11G/fM6V5LO9gnDAvIgPJQ04JGKlvn/QSjvNSfDAEolT8MDvnd2eKBZOMTPp2xak6OfAicQtSQQUaffurF8Q0jZgEKojWXddJwMuIAk4Fm5R7qWYJoSMyYF1DJYmY9rJ85wQfGyXAYaxMScC5+nsiI5HW48g3nRGBoZ73puJ/XjeF8NLLuExSYJLOFoWpwBDjaTg44IpREGNDCFXcvBXTIVGEgomwbEJw57+8SFq1qnterd2eVepXRRwldIiO0Cly0QWqoxvUQE1E0SN6Rq/ozXqyXqx362PWumQVMwfoD6zPH3rcnPk=</latexit>

⇡⇡ ! ⇡a

Thermalization via pion scattering 
requires rather small values of fa

Perturbative control only for T < 62 MeV
 Chang, Choi, PLB 316 (1993) — 9306216 

Di Luzio, Martinelli, Piazza, PRL 126 (2021) — 2101.10330



Thermal Gluon Scattering

Salvio, Strumia, Xue, JCAP 01 — 1310.6982 [hep-ph]
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Rate Across the QCDPT

Interpolation in the 
intermediate region

Similar if we have also 
coupling to quarks

FD, Hajkarim, Yun — 2108.04259



KSVZ Axion — Theory
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Energy

Kim, PRL 43 (1979)
Shifman, Vainshtein, Zakharov, NPB 166 (1980)



KSVZ Axion — ΔNeff

FD, Hajkarim, Yun, JHEP 10 (2021) 224 — 2108.05371 



DFSZ Axion — Theory
Energy

Zhitnitsky, SJNP 31 (1980)
Dine, Fischler, Srednicki, PLB 104 (1981)
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DFSZ Axion — ΔNeff

FD, Hajkarim, Yun, JHEP 10 (2021) 224 — 2108.05371 



FD, Yun — 2111.12108
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Flavor Violating Axions
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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



FD, Yun — 2111.12108

Flavor Violating Axions
<latexit sha1_base64="w/TiulijHJ1ca16APBmk2ia55hA="></latexit>
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FD, Yun — 2111.12108

Flavor Violating Axions
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Hot Axions
Complementary to other probes of the 

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

modified cosmological histories, beyond the QCD axion…
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Thank you!


