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I. Foundations



Luca Visinelli

The axion is a light pseudo-scalar arising within QCD (                       )


Strong-CP problem: non-observation of neutron electric dipole moment (EDM) 


The parameter    itself is not physical as


The value of     controls the matter-antimatter asymmetry in QCD
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The QCD Axion: foundations
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Ga
µ⌫ : Gluon field strength
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The term predicts a EDM


Experiments give


No observation of C and CP violation in Nature

[Pospelov & Ritz 1999]
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See the talk by Jing Shu

http://dx.doi.org/10.1016/S0550-3213(99)00817-2
http://dx.doi.org/10.1103/PhysRevLett.124.081803
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The QCD Axion: foundations
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We introduce the axion      through the Lagrangian terms:


The QCD theta term is minimized dynamically to

This makes the neutron electric dipole moment (EDM) vanish

QCD axion mass [Weinberg 1978]

PQ mechanism [Peccei & Quinn 1977; Wilczek 1978; Weinberg 1978]
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�

The axion has no color charge

http://dx.doi.org/10.1103/PhysRevLett.40.223
http://dx.doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.223
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The QCD Axion: foundations
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+ SM couplings

• KSVZ axion [Kim 79; Shifman, Vainshtein, Zakharov 80]

• DFSZ axion [Zhitnitsky 80; Dine, Fischler, Srednicki 81]

Aka “hadronic axion”: lepton couplings are suppressed.
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�(x) =
r(x) + fap

2
ei�(x)/faComplex scalar field (PQ field)

Allows to decouple the PQ breaking scale from the electroweak scale.

• REVIEW on axion models: Di Luzio, Giannotti, Nardi, LV 2003.01100

http://dx.doi.org/10.1103/PhysRevLett.43.103
http://dx.doi.org/10.1016/0550-3213(80)90209-6
http://dx.doi.org/10.1016/0370-2693(81)90590-6
https://arxiv.org/abs/2003.01100
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The QCD Axion: foundations
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◆
The coupling depends on color & EM anomalies     :
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II. Axion cosmology
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Cosmology of the axion

We are dealing with a classical field

Equation of motion in a FLRW background:
<latexit sha1_base64="cM6TRJk5ou4iT92UvRhHwaymnZk="></latexit>
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Cosmology of the axion

We are dealing with a classical field

Equation of motion in a FLRW background:

Kinetic term

Gradient term

Hubble friction

Scalar potential
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Cosmology of the axion

Large occupation number:
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We are dealing with a classical field

Equation of motion in a FLRW background:
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V (�, T = 0) = VCPT(�)

Finite temperature, QCD instantons

effectively couple the axion to the plasma

<latexit sha1_base64="2+8X4cbXNJmfa7CsYqmO9az6wHU="></latexit>

m2
a(T ) ⇡ min

⇣
m2

a,
⇤4

f2
a (T/⇤)n

⌘

[Gross+ 1981]

The exact assessment comes from lattice QCD computations [Borsanyi+ 2016]

Zero temperature: [Di Vecchia & Veneziano 1980]

https://doi.org/10.1103/RevModPhys.53.43
http://dx.doi.org/10.1038/nature20115
https://www.sciencedirect.com/science/article/abs/pii/0550321380903703
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Cosmology of the axion

Naïve computation on super-horizon scales                     
<latexit sha1_base64="LH2wd0mPtHwWhy0VkNM9oURnNEI=">AAAB/3icbVDJSgNBEO1xjXGLCl4UaQyCpzATcDkGvXhMwCyQiaGm00ma9PQ03T1iiDl48Ee8eFDEY/wNb36DP2FnOWjig4LHe1VU1QskZ9q47pczN7+wuLScWEmurq1vbKa2tks6ihWhRRLxSFUC0JQzQYuGGU4rUlEIA07LQedy6JdvqdIsEtemK2kthJZgTUbAWKme2vUFBBxusr5sM+yDlCq6w249lXYz7gh4lngTks7tDwrfjweDfD316TciEodUGMJB66rnSlPrgTKMcNpP+rGmEkgHWrRqqYCQ6lpvdH8fH1mlgZuRsiUMHqm/J3oQat0NA9sZgmnraW8o/udVY9M8r/WYkLGhgowXNWOOTYSHYeAGU5QY3rUEiGL2VkzaoIAYG1nShuBNvzxLStmMd5o5KXjp3AUaI4H20CE6Rh46Qzl0hfKoiAi6R0/oBb06D86z8+a8j1vnnMnMDvoD5+MH+7KZJg==</latexit>

r2� ⇡ 0

0 1 2

0

1

Coherent oscillations in the axion field when
<latexit sha1_base64="cigpE+A1cqdWOgyYpsuqlQOzOHA=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqpUlirhPVawdCxSX1ITRY7rtlZtJ7IdpCrqF7DwKywMIMTKzMbf4LYZaMuRrnR0zr26954wZlRpx/mxcmvrG5tb+e3Czu7e/oF9eNRSUSIxaeKIRbITIkUYFaSpqWakE0uCeMhIOxzdT/32I5GKRqKhxzHxORoI2qcYaSMFdokHqNwIUk9yGCk8OYOeohxe1BbEwC46FWcGuErcjBRBhnpgf3u9CCecCI0ZUqrrOrH2UyQ1xYxMCl6iSIzwCA1I11CBOFF+OntnAktG6cF+JE0JDWfq34kUcaXGPDSdHOmhWvam4n9eN9H9Wz+lIk40EXi+qJ8wqCM4zQb2qCRYs7EhCEtqboV4iCTC2iRYMCG4yy+vktZ5xb2uXD1cFqt3WRx5cAJOQRm44AZUQQ3UQRNg8ARewBt4t56tV+vD+py35qxs5hgswPr6BSakmuw=</latexit>

ma(Tosc) ⇠ 3H(Tosc)

<latexit sha1_base64="MFSvM0vqb/K8hxmYro8S8/NiMq4=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPux6AXjxHNAskYejo1SZOenqG7RwhDPsGLB0W8+kXe/Bs7y0ETHxQ83quiql6QCK6N6347uaXlldW1/HphY3Nre6e4u1fXcaoY1lgsYtUMqEbBJdYMNwKbiUIaBQIbweBm7DeeUGkeywczTNCPaE/ykDNqrHRPH087xZJbdicgi8SbkRLMUO0Uv9rdmKURSsME1brluYnxM6oMZwJHhXaqMaFsQHvYslTSCLWfTU4dkSOrdEkYK1vSkIn6eyKjkdbDKLCdETV9Pe+Nxf+8VmrCKz/jMkkNSjZdFKaCmJiM/yZdrpAZMbSEMsXtrYT1qaLM2HQKNgRv/uVFUj8pexfl87uzUuV6FkceDuAQjsGDS6jALVShBgx68Ayv8OYI58V5dz6mrTlnNrMPf+B8/gDtWo2U</latexit> a3

<latexit sha1_base64="ntKZO75MM++ajBXfl4BfJN8Hjdk=">AAAB/3icbVDJSgNBEO1xjXEbFbx4aQyCpzgjbsegF48RzAKZIfR0apImPYvdNYEQc/BXvHhQxKu/4c2/sbMcNPFBweO9KqrqBakUGh3n21pYXFpeWc2t5dc3Nre27Z3dqk4yxaHCE5moesA0SBFDBQVKqKcKWBRIqAXdm5Ff64HSIonvsZ+CH7F2LELBGRqpae972AFk1IOHTPSol3bESdhkTbvgFJ0x6Dxxp6RApig37S+vlfAsghi5ZFo3XCdFf8AUCi5hmPcyDSnjXdaGhqExi0D7g/H9Q3pklBYNE2UqRjpWf08MWKR1PwpMZ8Swo2e9kfif18gwvPIHIk4zhJhPFoWZpJjQURi0JRRwlH1DGFfC3Ep5hynG0USWNyG4sy/Pk+pp0b0ont+dFUrX0zhy5IAckmPikktSIrekTCqEk0fyTF7Jm/VkvVjv1sekdcGazuyRP7A+fwBsbZW7</latexit>

✓ ⌘ �/fa
<latexit sha1_base64="lSzbdf1KNAm+CG3N5/nExk67Uf0=">AAACH3icbVBLSwMxGMzWV62vVY9egkWoKGW3aPUiFL14rNAXdOuSTbPd0Gx2SbJCWfafePGvePGgiHjrvzF9HLR1IDDMzJfkGy9mVCrLGhu5ldW19Y38ZmFre2d3z9w/aMkoEZg0ccQi0fGQJIxy0lRUMdKJBUGhx0jbG95N/PYTEZJGvKFGMemFaMCpTzFSWnLNqiOCyEXwBjoM8QEjji8QTu0srWROP1JOHNDHylmrNCHnjVNHTFOuWbTK1hRwmdhzUgRz1F3zW9+Gk5BwhRmSsmtbseqlSCiKGckKTiJJjPAQDUhXU45CInvpdL8MnmilD/1I6MMVnKq/J1IUSjkKPZ0MkQrkojcR//O6ifKveynlcaIIx7OH/IRBFcFJWbBPBcGKjTRBWFD9V4gDpAtSutKCLsFeXHmZtCplu1q+fLgo1m7ndeTBETgGJWCDK1AD96AOmgCDZ/AK3sGH8WK8GZ/G1yyaM+Yzh+APjPEPD3SiYQ==</latexit>

⇢a = h1
2
�̇2 + V (�, T )i

Axion angle:

Energy density:

Scenario 1: The PQ symmetry broke during inflation

In practice we get two different scenarios:

Scenario 2: The PQ symmetry broke after inflation

<latexit sha1_base64="VB/HBOONMizKnokCc/cu/tp1bBY=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIrsqM+FoW3dRdBfuAdhgyaaYNTTJDkhFq6Ze4caGIWz/FnX9j2s5CqwcCh3PO5d6cKOVMG8/7cgorq2vrG8XN0tb2zm7Z3dtv6SRThDZJwhPVibCmnEnaNMxw2kkVxSLitB2NbmZ++4EqzRJ5b8YpDQQeSBYzgo2VQrcchxj1BsYmBKqHt6Fb8areHOgv8XNSgRyN0P3s9ROSCSoN4Vjrru+lJphgZRjhdFrqZZqmmIzwgHYtlVhQHUzmh0/RsVX6KE6UfdKgufpzYoKF1mMR2aTAZqiXvZn4n9fNTHwVTJhMM0MlWSyKM45MgmYtoD5TlBg+tgQTxeytiAyxwsTYrkq2BH/5y39J67TqX1TP784qteu8jiIcwhGcgA+XUIM6NKAJBDJ4ghd4dR6dZ+fNeV9EC04+cwC/4Hx8A9g8kpM=</latexit>

fa & HI
<latexit sha1_base64="lagS1LqKaFruXc/8U1758LRBnWc=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9gVX8egl3iLYB6QhGV2MpsMmZldZmYDYcmfePGgiFf/xJt/4yTZgyYWNBRV3XR3hQln2njet1NYW9/Y3Cpul3Z29/YP3MOjpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6H7mt8ZUaRbLJzNJaE/ggWQRI9hYKXDdKMCoy6nWmglUCx4Ct+xVvDnQKvFzUoYc9cD96vZjkgoqDeFY647vJaaXYWUY4XRa6qaaJpiM8IB2LJVYUN3L5pdP0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa67WVMJqmhkiwWRSlHJkazGFCfKUoMn1iCiWL2VkSGWGFibFglG4K//PIqaV5U/OvK1eNluXqXx1GEEziFc/DhBqpQgzo0gMAYnuEV3pzMeXHenY9Fa8HJZ47hD5zPH6PZkwc=</latexit>

fa . HI
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Scenario 1: The PQ symmetry broke during inflation

<latexit sha1_base64="TsDbhCEdj4RdngOQbgtwgOafMlo=">AAACHHicbZDLSsNAFIYn9VbrrerSzWARKkJJrLeNUNSFm0KV3qCJYTKdtkMnF2YmQg15EDe+ihsXirhxIfg2TtOAWj0w8PP953Dm/E7AqJC6/qllZmbn5heyi7ml5ZXVtfz6RlP4IcekgX3m87aDBGHUIw1JJSPtgBPkOoy0nOH52G/dEi6o79XlKCCWi/oe7VGMpEJ2vmzygW+jYt2OTO7C6nW8C09hAhNwUY1h0di7+7Zvyna+oJf0pOBfYaSiANKq2fl3s+vj0CWexAwJ0TH0QFoR4pJiRuKcGQoSIDxEfdJR0kMuEVaUHBfDHUW6sOdz9TwJE/pzIkKuECPXUZ0ukgMx7Y3hf14nlL0TK6JeEEri4cmiXsig9OE4KdilnGDJRkogzKn6K8QDxBGWKs+cCsGYPvmvaO6XjKPS4dVBoXKWxpEFW2AbFIEBjkEFXIIaaAAM7sEjeAYv2oP2pL1qb5PWjJbObIJfpX18AUQcn5w=</latexit>

⇢a(TMR) = ⇢DM(1 + zMR)
3

<latexit sha1_base64="XXYDuguq3ae7P5KjP7p+Gf+aLyY=">AAACEXicbVDLSgMxFM34rPU16tJNsAgVoczU50YouumyQl/QGYdMJtOGZh4kGaEM/QU3/oobF4q4defOvzGdDqKtBwIn59x7k3vcmFEhDeNLW1hcWl5ZLawV1zc2t7b1nd22iBKOSQtHLOJdFwnCaEhakkpGujEnKHAZ6bjDm4nfuSdc0ChsylFM7AD1Q+pTjKSSHL1seV4krXhA4fFJ3frhMHDQXbXcPMquV9Bw9JJRMTLAeWLmpARyNBz9U03DSUBCiRkSomcasbRTxCXFjIyLViJIjPAQ9UlP0RAFRNhpttEYHirFg37E1QklzNTfHSkKhBgFrqoMkByIWW8i/uf1Eulf2ikN40SSEE8f8hMGZQQn8UCPcoIlGymCMKfqrxAPEEdYqhCLKgRzduV50q5WzPPK2e1pqXadx1EA++AAlIEJLkAN1EEDtAAGD+AJvIBX7VF71t6092npgpb37IE/0D6+AbSLmwY=</latexit>

�̈+ 3H�̇+m
2
a(T )� = 0Linearized EoM:

Non-linear terms might matter [LV & Gondolo, PRD 2009, 2010]

Axion energy density at onset of oscillations:

We demand that the axion density

explains the dark matter abundance:

[LV & Gondolo, PRD 2009]

<latexit sha1_base64="Y0sU5fLd5zHpaiZelWGTh3McKYg="></latexit>

⇢a(Tosc) ⇡
1

2
m2

a(Tosc)f
2
a✓

2
i

http://dx.doi.org/10.1103/PhysRevD.80.035024
http://dx.doi.org/10.1103/PhysRevD.81.063508
http://dx.doi.org/10.1103/PhysRevD.80.035024
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Scenario 2: The PQ symmetry broke after inflation
<latexit sha1_base64="lvyC7LU5XLUyGzpmgSiBGqV1Pe8="></latexit>

�̈� 1

a2
r2�+ 3H�̇+ 2��

✓
|�|2 � f

2
a

2

◆
= 0

String energy per unit length:
<latexit sha1_base64="YtkYuu58VEiX1vWV766x19zIDJg="></latexit>

µ ⌘
Z

d2xH = ⇡f
2
a ln(

p
2�fa/H)

EoM for the PQ field:

Figures from [Buschmann+ 2020]
Before QCD PT During QCD PT After QCD PT

<latexit sha1_base64="5AAere4XsFjLVDnh/zY405Opu8o=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYMSz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqtB1Sax/LejBP0IzqQPOSMGivddR95r1xxq+4M5C/xclKBHPVe+bPbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezUCTmySp+EsbIlDZmpPycyGmk9jgLbGVEz1IveVPzP66QmvPQzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2nZEPwFl/+S5onVe+8enZ7Wqld5XEU4QAO4Rg8uIAa3EAdGsBgAE/wAq+OcJ6dN+d93lpw8pl9+AXn4xtfJY3f</latexit>

⇠

String network quickly enters a scaling regime with
<latexit sha1_base64="4nlxSWtiN+887StNLCutzwJpiO8=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiKknFa0GqYGEsEn1ITYgc12mt2k5kO4gq6srCr7AwgBArf8DG3+C2GaDlSFc6Oude+94TJowq7TjfVmFhcWl5pbhaWlvf2Nyyt3eaKk4lJg0cs1i2Q6QIo4I0NNWMtBNJEA8ZaYWDq7HfuidS0Vjc6mFCfI56gkYUI22kwIae7MdB5kkOFUbmld4IXkDvgUKPp0f6rhrYZafiTADniZuTMshRD+wvrxvjlBOhMUNKdVwn0X6GpKaYkVHJSxVJEB6gHukYKhAnys8ml4zggVG6MIqlKaHhRP09kSGu1JCHppMj3Vez3lj8z+ukOjr3MyqSVBOBpx9FKYM6huNYYJdKgjUbGoKwpGZXiPtIIqxNeCUTgjt78jxpVivuaeXk5rhcu8zjKII9sA8OgQvOQA1cgzpoAAwewTN4BW/Wk/VivVsf09aClc/sgj+wPn8AWBiZeA==</latexit>

⇢scaling = ⇠µ/t2

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.161103
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Various groups work on axion string simulations: no agreement
<latexit sha1_base64="l8VmbG/6nRRGEM+Q9ciRWkzgKUg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVTJq1WXRjSupYB/QjiWTZtrQTBKSTLEM/RM3LhRx65+4829MHwutHrhwOOde7r0nUpwZi9CXl1taXlldy68XNja3tnf83b26kakmtEYkl7oZYUM5E7RmmeW0qTTFScRpIxpcT/zGkGrDpLi3I0XDBPcEixnB1kkd37+FbayUlo+wjBB6OO34RVRCU8C/JJiTIpij2vE/211J0oQKSzg2phUgZcMMa8sIp+NCOzVUYTLAPdpyVOCEmjCbXj6GR07pwlhqV8LCqfpzIsOJMaMkcp0Jtn2z6E3E/7xWauPLMGNCpZYKMlsUpxxaCScxwC7TlFg+cgQTzdytkPSxxsS6sAouhGDx5b+kflIKzkvlu7Ni5WoeRx4cgENwDAJwASrgBlRBDRAwBE/gBbx6mffsvXnvs9acN5/ZB7/gfXwDV+ySLw==</latexit>

N ⇡ 50003

<latexit sha1_base64="VeaE1vGD0Ts+0Y6Do6IModNG6eI=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkhJRK3LohuXFewDmhAm00k7dDITZiZiiV34K25cKOLW33Dn3zhts9DqgQuHc+7l3nvChFGlHefLKiwsLi2vFFdLa+sbm1v29k5LiVRi0sSCCdkJkSKMctLUVDPSSSRBcchIOxxeTfz2HZGKCn6rRwnxY9TnNKIYaSMF9p7HRL8SBcg71kceShIp7mHNCeyyU3WmgH+Jm5MyyNEI7E+vJ3AaE64xQ0p1XSfRfoakppiRcclLFUkQHqI+6RrKUUyUn03vH8NDo/RgJKQpruFU/TmRoVipURyazhjpgZr3JuJ/XjfV0YWfUZ6kmnA8WxSlDGoBJ2HAHpUEazYyBGFJza0QD5BEWJvISiYEd/7lv6R1UnXPq2c3p+X6ZR5HEeyDA1ABLqiBOrgGDdAEGDyAJ/ACXq1H69l6s95nrQUrn9kFv2B9fAN7EZUf</latexit>

log(fa t) ⇡ 70Yet                          needed

[Gorghetto+ 2018, 2021]

Credits: Ed Hardy

<latexit sha1_base64="sA+9RH/3KcrnqVWS0VeaB4VpRPU=">AAACK3icbVDJTsMwFHTKVspW4MjFokLiVCWI7ViVC8ci0UVqSuS4TmvFiY3tIFVR/ocLv8IBDiziyn/gtBVLy0iWRjPv6XnGF4wqbdtvVmFhcWl5pbhaWlvf2Nwqb++0FE8kJk3MGZcdHynCaEyammpGOkISFPmMtP3wIvfbd0QqyuNrPRKkF6FBTAOKkTaSV667gUQ4dQWSmiIGXTnkHsp+hPCb6Qy6QnKhOZwsOVka3txmXrliV+0x4DxxpqQCpmh45Se3z3ESkVhjhpTqOrbQvTQ/gxnJSm6iiEA4RAPSNTRGEVG9dJw1gwdG6cOAS/NiDcfq740URUqNIt9MRkgP1ayXi/953UQH572UxiLRJMaTQ0FiYnOYFwf7VBKs2cgQhCU1f4V4iEwP2tRbMiU4s5HnSeuo6pxWT66OK7X6tI4i2AP74BA44AzUwCVogCbA4B48ghfwaj1Yz9a79TEZLVjTnV3wB9bnF87wqUM=</latexit>

@⇢a
@k@t

/ 1

kq
Energy spectrum

of emitted axions

<latexit sha1_base64="X2ln12e47X1r0E3xLabvRwtQILI=">AAAB8XicbVDLTgIxFL2DL8QX6tJNIzFxRWaMryXRDUtM5BFhQjqlQEOnbdqOkUz4CzcuNMatf+POv7HALBQ8yU1Ozrk3994TKc6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiaa0DqRXOpWhA3lTNC6ZZbTltIUxxGnzWh0O/Wbj1QbJsW9HSsaxnggWJ8RbJ30MOpgpbR8QtVuseSX/RnQMgkyUoIMtW7xq9OTJImpsIRjY9qBr2yYYm0Z4XRS6CSGKkxGeEDbjgocUxOms4sn6MQpPdSX2pWwaKb+nkhxbMw4jlxnjO3QLHpT8T+vndj+dZgyoRJLBZkv6iccWYmm76Me05RYPnYEE83crYgMscbEupAKLoRg8eVl0jgrB5fli7vzUuUmiyMPR3AMpxDAFVSgCjWoAwEBz/AKb57xXrx372PemvOymUP4A+/zB08xkLE=</latexit>

k ⇡ H

<latexit sha1_base64="M/K+Tfw9KfNgwFodONpjes+QkUY=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVUnFa6xgYSwSfUhNFN04TmvVeWA7iCrqwsKvsDCAECv/wMbf4LYZoOVIlo7OuUfX9/gpZ1JZ1rexsLi0vLJaWiuvb2xubZs7uy2ZZILQJkl4Ijo+SMpZTJuKKU47qaAQ+Zy2/cHV2G/fUyFZEt+qYUrdCHoxCxkBpSXPPBhgB9JUJA/YkXdC5TWH63QAo9ADz6xYVWsCPE/sglRQgYZnfjlBQrKIxopwkLJrW6lycxCKEU5HZSeTNAUygB7tahpDRKWbT64Y4SOtBDhMhH6xwhP1dyKHSMph5OvJCFRfznpj8T+vm6nwws1ZnGaKxmS6KMw4VgkeV4IDJihRfKgJEMH0XzHpgwCidHFlXYI9e/I8adWq9ln19OakUr8s6iihfXSIjpGNzlEdXaMGaiKCHtEzekVvxpPxYrwbH9PRBaPI7KE/MD5/AI1zmKE=</latexit>

k ⇡
p
2�fa

“Effective Nambu–Goto string” 

 leads to more axions and a higher DM mass

<latexit sha1_base64="n5K2bdU8uvleWamV7mcSDGUHqeU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvXiMaB6QLGF2MkmGzM6uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnJLyyura/n1wsbm1vZOcXevbqJEM15jkYx0M6CGS6F4DQVK3ow1p2EgeSMY3kz8xhPXRkTqAUcx90PaV6InGEUr3T9eeZ1iyS27U5BF4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFxoJ4bHlA1pn7csVTTkxk+np47JkVW6pBdpWwrJVP09kdLQmFEY2M6Q4sDMexPxP6+VYO/ST4WKE+SKzRb1EkkwIpO/SVdozlCOLKFMC3srYQOqKUObTsGG4M2/vEjqJ2XvvHx2d1qqXGdx5OEADuEYPLiACtxCFWrAoA/P8ApvjnRenHfnY9aac7KZffgD5/MH0hKNgg==</latexit>

q > 1

<latexit sha1_base64="GGnyThBJV7NyyGX+PgTYEGdlJgw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxonlAsoTZySQZMju7zvQKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbEUBl3328ktLa+sruXXCxubW9s7xd29uokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geDPxG09cGxGpBxzF3A9pX4meYBStdP945XWKJbfsTkEWiZeREmSodopf7W7EkpArZJIa0/LcGP2UahRM8nGhnRgeUzakfd6yVNGQGz+dnjomR1bpkl6kbSkkU/X3REpDY0ZhYDtDigMz703E/7xWgr1LPxUqTpArNlvUSyTBiEz+Jl2hOUM5soQyLeythA2opgxtOgUbgjf/8iKpn5S98/LZ3Wmpcp3FkYcDOIRj8OACKnALVagBgz48wyu8OdJ5cd6dj1lrzslm9uEPnM8f0I2NgQ==</latexit>

q = 1 “Collapsing loops” with            . 
<latexit sha1_base64="fjU/4OHQPZA4qiiKhog7RAhsG7I=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCC7hNnJbDJkdnacmQ0JS77DiwdFvPox3vwbJ8keNLGgoajqprsrlJxp47rfzsrq2vrGZmGruL2zu7dfOjhs6CRVhNZJwhPVCrGmnAlaN8xw2pKK4jjktBkO7qZ+c0iVZol4NGNJgxj3BIsYwcZKgT9iyMdSqmSEvE6p7FbcGdAy8XJShhy1TunL7yYkjakwhGOt254rTZBhZRjhdFL0U00lJgPco21LBY6pDrLZ0RN0apUuihJlSxg0U39PZDjWehyHtjPGpq8Xvan4n9dOTXQTZEzI1FBB5ouilCOToGkCqMsUJYaPLcFEMXsrIn2sMDE2p6INwVt8eZk0ziveVeXy4aJcvc3jKMAxnMAZeHANVbiHGtSBwBM8wyu8OUPnxXl3PuatK04+cwR/4Hz+ABUSkao=</latexit>

⇠ ⇡ 1

[Davis 1985, 1986; Battye & Shellard 1994a, 1994b]
<latexit sha1_base64="XxDwY9tPgPq5hdJwU1qnUJNGpuk=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68RjBPCC7htlJJxkys7vMzCphyX948aCIV//Fm3/jJNmDJhY0FFXddHeFieDauO63s7S8srq2Xtgobm5t7+yW9vYbOk4VwzqLRaxaIdUoeIR1w43AVqKQylBgMxzeTPzmIyrN4+jejBIMJO1HvMcZNVZ68DWXJPOVJBIb406p7FbcKcgi8XJShhy1TunL78YslRgZJqjWbc9NTJBRZTgTOC76qcaEsiHtY9vSiErUQTa9ekyOrdIlvVjZigyZqr8nMiq1HsnQdkpqBnrem4j/ee3U9K6CjEdJajBis0W9VBATk0kEpMsVMiNGllCmuL2VsAFVlBkbVNGG4M2/vEgapxXvonJ+d1auXudxFOAQjuAEPLiEKtxCDerAQMEzvMKb8+S8OO/Ox6x1yclnDuAPnM8fK2SSUA==</latexit>

⇠ meV
An IR spectrum is also found in [Hiramatsu+ 2011]

[Harari & Sikivie 1987; Hagmann+ 1999]
Supported recently by [Buschmann+ 2020, 2022]

https://link.springer.com/article/10.1007/JHEP07(2018)151
https://scipost.org/10.21468/SciPostPhys.10.2.050
doi:10.1103/PhysRevD.32.3172
https://www.sciencedirect.com/science/article/abs/pii/037026938690300X
https://doi.org/10.1016/0550-3213(94)90573-8
doi:10.1103/PhysRevLett.73.2954
doi:10.1103/PhysRevD.83.123531
doi:10.1016/0370-2693(87)90032-3
doi:10.1016/S0920-5632(98)00506-4
https://doi.org/10.1103/PhysRevLett.124.161103
https://doi.org/10.1038/s41467-022-28669-y
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Various groups work on axion string simulations: no agreement

Ciaran O’Hare, AxionLimits: https://cajohare.github.io/AxionLimits/

https://cajohare.github.io/AxionLimits/
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QCD axion parameter space
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<latexit sha1_base64="GbtT2MsEHBOoxerys9XjNisjVPc=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBg9REpHoserDeKtgPaGLZbCft0s0m7G6UEvo/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPD/mTGnb/rZyS8srq2v59cLG5tb2TnF3r6miRFJo0IhHsu0TBZwJaGimObRjCST0ObT84fXEbz2CVCwS93oUgxeSvmABo0Qb6aHWvT1NXRm6JzfQHHeLJbtsT4EXiZOREspQ7xa/3F5EkxCEppwo1XHsWHspkZpRDuOCmyiICR2SPnQMFSQE5aXTq8f4yCg9HETSlNB4qv6eSEmo1Cj0TWdI9EDNexPxP6+T6ODSS5mIEw2CzhYFCcc6wpMIcI9JoJqPDCFUMnMrpgMiCdUmqIIJwZl/eZE0z8pOpVy5Oy9Vr7I48ugAHaJj5KALVEU1VEcNRJFEz+gVvVlP1ov1bn3MWnNWNrOP/sD6/AGQd5Ht</latexit>

HI/GeV

<latexit sha1_base64="2RnYOFnkucyYLELvNKJ24f0b4M4=">AAAB+nicbVBNS8NAEJ34WetXqkcvwSJ4kJqIVI9FD3qsYD+gCWWz3bRLdzdhd6OU2J/ixYMiXv0l3vw3btsctPXBwOO9GWbmhQmjSrvut7W0vLK6tl7YKG5ube/s2qW9popTiUkDxyyW7RApwqggDU01I+1EEsRDRlrh8Hritx6IVDQW93qUkICjvqARxUgbqWuXoq6fDOhp5kvun9yQ5rhrl92KO4WzSLyclCFHvWt/+b0Yp5wIjRlSquO5iQ4yJDXFjIyLfqpIgvAQ9UnHUIE4UUE2PX3sHBml50SxNCW0M1V/T2SIKzXioenkSA/UvDcR//M6qY4ug4yKJNVE4NmiKGWOjp1JDk6PSoI1GxmCsKTmVgcPkERYm7SKJgRv/uVF0jyreNVK9e68XLvK4yjAARzCMXhwATW4hTo0AMMjPMMrvFlP1ov1bn3MWpesfGYf/sD6/AG9LJOu</latexit> f �
/
G
eV

<latexit sha1_base64="YCQiMzE9ezykh+mXuUicdSaGrX8=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEF1ITkeqy6MZlBfuAJoTJdNIOnUnCzESoofgrblwo4tb/cOffOH0stPXAhcM593LvPWHKmdKO820VlpZXVteK66WNza3tHXt3r6mSTBLaIAlPZDvEinIW04ZmmtN2KikWIaetcHAz9lsPVCqWxPd6mFJf4F7MIkawNlJgH4jAS/vsLPek8E49kSHaHAV22ak4E6BF4s5IGWaoB/aX101IJmisCcdKdVwn1X6OpWaE01HJyxRNMRngHu0YGmNBlZ9Prh+hY6N0UZRIU7FGE/X3RI6FUkMRmk6BdV/Ne2PxP6+T6ejKz1mcZprGZLooyjjSCRpHgbpMUqL50BBMJDO3ItLHEhNtAiuZENz5lxdJ87ziVivVu4ty7XoWRxEO4QhOwIVLqMEt1KEBBB7hGV7hzXqyXqx362PaWrBmM/vwB9bnD/LLlOo=</latexit> m
�
/
µ
eV

<latexit sha1_base64="Nr2mryLX73gNXdY9LFw9kz4wvC4=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVqV6Eopd6q2A/oLss2TTbhmazIckKpfRvePGgiFf/jDf/jWm7B219MPB4b4aZeZHkTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK3TTBHaIilPVTfCmnImaMsww2lXKoqTiNNONLqb+Z0nqjRLxaMZSxokeCBYzAg2VvLj0JdDhm5QI7wPyxW36s6BVomXkwrkaIblL7+fkiyhwhCOte55rjTBBCvDCKfTkp9pKjEZ4QHtWSpwQnUwmd88RWdW6aM4VbaEQXP198QEJ1qPk8h2JtgM9bI3E//zepmJr4MJEzIzVJDFojjjyKRoFgDqM0WJ4WNLMFHM3orIECtMjI2pZEPwll9eJe2Lqler1h4uK/XbPI4inMApnIMHV1CHBjShBQQkPMMrvDmZ8+K8Ox+L1oKTzxzDHzifP6dPkMw=</latexit>

f �
=
H
I

Di Luzio, Giannotti, Nardi, LV 2003.01100

<latexit sha1_base64="ZV1J4JHkl/b8rz2xmfbjFs9R2ZY=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrOiFSXRTcuK9gHdIYhk2ba0CQTkoxQSjf+ihsXirj1M9z5N6bTWWjrgcDhnHu5OSeWjGrjed9OaWV1bX2jvFnZ2t7Z3XP3D9o6zRQmLZyyVHVjpAmjgrQMNYx0pSKIx4x04tHtzO88EqVpKh7MWJKQo4GgCcXIWClyj5IokEMKA6lSaVLon/NciNyqV/NywGXiF6QKCjQj9yvopzjjRBjMkNY935MmnCBlKGZkWgkyTSTCIzQgPUsF4kSHkzzAFJ5apQ+TVNknDMzV3xsTxLUe89hOcmSGetGbif95vcwk1+GECpkZIvD8UJIxaJPO2oB9qgg2bGwJworav0I8RAphYzur2BL8xcjLpH1R8+u1+v1ltXFT1FEGx+AEnAEfXIEGuANN0AIYTMEzeAVvzpPz4rw7H/PRklPsHII/cD5/APqdlgc=</latexit>

f� / 1/m� (QCD AXION)

https://arxiv.org/abs/2003.01100


III. Axions as dark radiation
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Extra relativistic species

<latexit sha1_base64="IMeaTBYTABCf75WUN039y4sUgIg="></latexit>

⇢r =

"
1 +

7

8

✓
4

11

◆4/3

Ne↵

#
⇢�

Contribution to the relativistic degrees of freedom:

Effective number of neutrinos
<latexit sha1_base64="13+7baxRehf2XwTb5B1Kp1EZK+s=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARBKHMSLFuhKIu3CgV7QXaWjLpmTY0cyHJCGWYR3Hjq7hxoYju9GlMp13U1gOBL/9/Dsn5nZAzqSzr28gsLC4tr2RXc2vrG5tb5vZOTQaRoFClAQ9EwyESOPOhqpji0AgFEM/hUHcGFyO//ghCssC/V8MQ2h7p+cxllCgtdczSTSduCQ+D6yb4DE/dHlK6u07wEW5dAldk2u2YeatgpYXnwZ5AHk2q0jG/Wt2ARh74inIiZdO2QtWOiVCMckhyrUhCSOiA9KCp0SceyHacLpjgA610sRsIfXyFU3V6IiaelEPP0Z0eUX05643E/7xmpNzTdsz8MFLg0/FDbsSxCvAoLdxlAqjiQw2ECqb/immfCEKVzjSnQ7BnV56H2nHBPikUb4v58vkkjizaQ/voENmohMroClVQFVH0hF7QG3o3no1X48P4HLdmjMnMLvpTxs8vommiDA==</latexit>

Ne↵ = NSM
e↵ +�Ne↵

Baumann+18

<latexit sha1_base64="szhsnihBvJpbViAIuc2wMUxqgTM=">AAACC3icbZC7TsMwFIadcivlFmBksVohMUUJVIWxgoUFVAS9SE2IHNdprToX2Q6iirKz8CosDCDEyguw8Ta4IQO0/JKlT/85R8fn92JGhTTNL620sLi0vFJeraytb2xu6ds7HRElHJM2jljEex4ShNGQtCWVjPRiTlDgMdL1xmfTeveOcEGj8EZOYuIEaBhSn2IkleXq1Us3tXkAie9ntzldX2TQRnHMo3t4ZJj1hqvXTMPMBefBKqAGCrVc/dMeRDgJSCgxQ0L0LTOWToq4pJiRrGIngsQIj9GQ9BWGKCDCSfNbMrivnAH0I65eKGHu/p5IUSDEJPBUZ4DkSMzWpuZ/tX4i/RMnpWGcSBLin0V+wqCM4DQYOKCcYMkmChDmVP0V4hHiCEsVX0WFYM2ePA+dQ8NqGPWreq15WsRRBnugCg6ABY5BE5yDFmgDDB7AE3gBr9qj9qy9ae8/rSWtmNkFf6R9fAP+yJm7</latexit>

NSM
e↵ ⇡ 3.046

<latexit sha1_base64="KQfDlo0Pr5JhuIEQslHWwl6sgUY=">AAACCnicbVA9SwNBEN2LXzF+RS1tVoNgddyFYEwhBLWwkggmBnIh7G3mkiW7d8funhCO1Db+FRsLRWz9BXb+GzcfhSY+GHi8N8PMPD/mTGnH+bYyS8srq2vZ9dzG5tb2Tn53r6GiRFKo04hHsukTBZyFUNdMc2jGEojwOdz7g8uxf/8AUrEovNPDGNqC9EIWMEq0kTr5Q+8KuCb4ppN6UmAIghE+x0W7UvFigR3bLXfyBcd2JsCLxJ2RApqh1sl/ed2IJgJCTTlRquU6sW6nRGpGOYxyXqIgJnRAetAyNCQCVDudvDLCx0bp4iCSpkKNJ+rviZQIpYbCN52C6L6a98bif14r0cFZO2VhnGgI6XRRkHCsIzzOBXeZBKr50BBCJTO3YtonklBt0suZENz5lxdJo2i7p3bptlSoXsziyKIDdIROkIvKqIquUQ3VEUWP6Bm9ojfryXqx3q2PaWvGms3soz+wPn8ALpSYAw==</latexit>

�Ne↵ = 2.99± 0.17

(One sigma, CMB+BAO, 1807.06209)

(Bari and Valencia groups)
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Extra relativistic species

The excess in the number of relativistic degrees of freedom counts the massless axions:

Axion decoupling from the plasma do not benefit from further energy injection in CMB photons

<latexit sha1_base64="Z80S8BdRUEPYq242peL6PL0VqZ8="></latexit>

�Ne↵ ⌘ ⇢a(ma = 0)

⇢⌫(m⌫ = 0)
=

8

7

✓
11

4

◆4/3 ga
g⌫

✓
Ta

T�

◆4

<latexit sha1_base64="rPUjEFYyQ2t2Z6RsFFjPXdeZXWs="></latexit>

Ta

T�
=

✓
g⇤s(TCMB)

g⇤s(Td)

◆1/3
<latexit sha1_base64="+W4tmLmWDTLBvcjouwU2EBVx76g=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK/YI2lM1m0i7dbMLuRiilP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLUsG1cd1vp7C2vrG5Vdwu7ezu7R+UD49aOskUwyZLRKI6AdUouMSm4UZgJ1VI40BgOxjdzfz2EyrNE9kw4xT9mA4kjzijxkqPjX7YL1fcqjsHWSVeTiqQo94vf/XChGUxSsME1brruanxJ1QZzgROS71MY0rZiA6wa6mkMWp/Mj91Ss6sEpIoUbakIXP198SExlqP48B2xtQM9bI3E//zupmJbvwJl2lmULLFoigTxCRk9jcJuUJmxNgSyhS3txI2pIoyY9Mp2RC85ZdXSeui6l1VLx8uK7XbPI4inMApnIMH11CDe6hDExgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gAlEo24</latexit>

Td : axion decoupling temperature
<latexit sha1_base64="dzyOOUA5o06NbcVY2dtozxOFCsQ=">AAACCXicbVA9SwNBEN3zM8avqKXNYhAsJNyFEC1D0tgIEfIFuRD2NpNkye7dubsnhONaG/+KjYUitv4DO/+Ne0kKTXww8Hhvhpl5XsiZ0rb9ba2tb2xubWd2srt7+weHuaPjlgoiSaFJAx7IjkcUcOZDUzPNoRNKIMLj0PYmtdRvP4BULPAbehpCT5CRz4aMEm2kfg43+rErBa7dVhPsKibgHtuFYjkV3UtoJf1c3i7YM+BV4ixIHi1Q7+e+3EFAIwG+ppwo1XXsUPdiIjWjHJKsGykICZ2QEXQN9YkA1YtnnyT43CgDPAykKV/jmfp7IiZCqanwTKcgeqyWvVT8z+tGenjdi5kfRhp8Ol80jDjWAU5jwQMmgWo+NYRQycytmI6JJFSb8LImBGf55VXSKhaccqF0V8pXqos4MugUnaEL5KArVEE3qI6aiKJH9Ixe0Zv1ZL1Y79bHvHXNWsycoD+wPn8AMzGYww==</latexit>

TCMB ' 0.26 eV

Main result:
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Axion-like particles

We consider axion-like particles (or axions) with a generic mass term and couplings

: axion field<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
: axion mass<latexit sha1_base64="OU3bhPreo7/179ZpeEhU4jn+wqU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD7Lv9csVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwD8SY2d</latexit>m0

<latexit sha1_base64="ppy5hegP1tXVUz9QXikLGbLwusI="></latexit>

Le↵ � 1

2
(@µa)(@µa)�

1

2
m2

0a
2 + Lag + La�

<latexit sha1_base64="RS3tmu+jl79IfbcyWa4upAKVNc4=">AAAB+XicdVDLSgMxFL3js9bXqEs3wSK4KplSarsrunHhooJ9QDsMmTTThmYeJJlCGfonblwo4tY/ceffmGkrqOiBwOGce7knx08EVxrjD2ttfWNza7uwU9zd2z84tI+OOypOJWVtGotY9nyimOARa2uuBeslkpHQF6zrT65zvztlUvE4utezhLkhGUU84JRoI3m2PQiJHlMistu5l5HR3LNLuIwNajWUE6eOHUMajXql0kDOwsK4BCu0PPt9MIxpGrJIU0GU6js40W5GpOZUsHlxkCqWEDohI9Y3NCIhU262SD5H50YZoiCW5kUaLdTvGxkJlZqFvpnMc6rfXi7+5fVTHdTdjEdJqllEl4eCVCAdo7wGNOSSUS1mhhAqucmK6JhIQrUpq2hK+Pop+p90KmWnVq7eVUvNq1UdBTiFM7gABy6hCTfQgjZQmMIDPMGzlVmP1ov1uhxds1Y7J/AD1tsnXbeUKg==</latexit>

Lag
<latexit sha1_base64="GZkSu6vkLFF/lYFOpRkwPJ9UuUw=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgapgppbosunHhooJ9QKeUO2nahiaZIckIZSj4K25cKOLW73Dn35hpK6jogZDDOfeSkxMlnGnj+x/O0vLK6tp6YaO4ubW9s+vu7Td1nCpCGyTmsWpHoClnkjYMM5y2E0VBRJy2ovFl7rfuqNIslrdmktCugKFkA0bAWKnnHoYCzIgAz66nvQzCIQgB055b8r2qbxFg36vkd9mS8lwJPH+GElqg3nPfw35MUkGlIRy07gR+YroZKMMIp9NimGqaABnDkHYslSCo7maz+FN8YpU+HsTKHmnwTP2+kYHQeiIiO5mH1b+9XPzL66RmcN7NmExSQyWZPzRIOTYxzrvAfaYoMXxiCRDFbFZMRqCAGNtY0Zbw9VP8P2mWvaDqVW4qpdrFoo4COkLH6BQF6AzV0BWqowYiKEMP6Ak9O/fOo/PivM5Hl5zFzgH6AeftE/lclig=</latexit>

La�
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Axion-like particles

We consider axion-like particles (or axions) with a generic mass term and couplings

: axion field<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a
: axion mass<latexit sha1_base64="OU3bhPreo7/179ZpeEhU4jn+wqU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD7Lv9csVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwD8SY2d</latexit>m0

<latexit sha1_base64="ppy5hegP1tXVUz9QXikLGbLwusI="></latexit>

Le↵ � 1

2
(@µa)(@µa)�

1

2
m2

0a
2 + Lag + La�

<latexit sha1_base64="RS3tmu+jl79IfbcyWa4upAKVNc4=">AAAB+XicdVDLSgMxFL3js9bXqEs3wSK4KplSarsrunHhooJ9QDsMmTTThmYeJJlCGfonblwo4tY/ceffmGkrqOiBwOGce7knx08EVxrjD2ttfWNza7uwU9zd2z84tI+OOypOJWVtGotY9nyimOARa2uuBeslkpHQF6zrT65zvztlUvE4utezhLkhGUU84JRoI3m2PQiJHlMistu5l5HR3LNLuIwNajWUE6eOHUMajXql0kDOwsK4BCu0PPt9MIxpGrJIU0GU6js40W5GpOZUsHlxkCqWEDohI9Y3NCIhU262SD5H50YZoiCW5kUaLdTvGxkJlZqFvpnMc6rfXi7+5fVTHdTdjEdJqllEl4eCVCAdo7wGNOSSUS1mhhAqucmK6JhIQrUpq2hK+Pop+p90KmWnVq7eVUvNq1UdBTiFM7gABy6hCTfQgjZQmMIDPMGzlVmP1ov1uhxds1Y7J/AD1tsnXbeUKg==</latexit>

Lag
<latexit sha1_base64="GZkSu6vkLFF/lYFOpRkwPJ9UuUw=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgapgppbosunHhooJ9QKeUO2nahiaZIckIZSj4K25cKOLW73Dn35hpK6jogZDDOfeSkxMlnGnj+x/O0vLK6tp6YaO4ubW9s+vu7Td1nCpCGyTmsWpHoClnkjYMM5y2E0VBRJy2ovFl7rfuqNIslrdmktCugKFkA0bAWKnnHoYCzIgAz66nvQzCIQgB055b8r2qbxFg36vkd9mS8lwJPH+GElqg3nPfw35MUkGlIRy07gR+YroZKMMIp9NimGqaABnDkHYslSCo7maz+FN8YpU+HsTKHmnwTP2+kYHQeiIiO5mH1b+9XPzL66RmcN7NmExSQyWZPzRIOTYxzrvAfaYoMXxiCRDFbFZMRqCAGNtY0Zbw9VP8P2mWvaDqVW4qpdrFoo4COkLH6BQF6AzV0BWqowYiKEMP6Ak9O/fOo/PivM5Hl5zFzgH6AeftE/lclig=</latexit>

La�

(Explicit mass breaking term)
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Axion-like particles

We consider axion-like particles (or axions) with a generic mass term and couplings

: axion field
<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

: axion mass<latexit sha1_base64="OU3bhPreo7/179ZpeEhU4jn+wqU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD7Lv9csVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwD8SY2d</latexit>m0

axion-gluon coupling

<latexit sha1_base64="gt/hF/qe1IbX+ktx3+pgfJiwmas="></latexit>

Lag =
↵s

8⇡

Cg

fa
aGi

µ⌫G̃
µ⌫
i

g

g

<latexit sha1_base64="rR6JGswFywBxH/uGIRnKWMUnNkQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoiRT0We/FYwX5AG8Jmu2mXbjZhdyPUkF/ixYMiXv0p3vw3btsctPXBwOO9GWbmBQlnSjvOt1Xa2Nza3invVvb2Dw6r9tFxV8WpJLRDYh7LfoAV5UzQjmaa034iKY4CTnvBtDX3e49UKhaLBz1LqBfhsWAhI1gbyberw1BikrX8cZ6FPs59u+bUnQXQOnELUoMCbd/+Go5ikkZUaMKxUgPXSbSXYakZ4TSvDFNFE0ymeEwHhgocUeVli8NzdG6UEQpjaUpotFB/T2Q4UmoWBaYzwnqiVr25+J83SHV442VMJKmmgiwXhSlHOkbzFNCISUo0nxmCiWTmVkQm2CShTVYVE4K7+vI66V7W3at6475Ra94WcZThFM7gAly4hibcQRs6QCCFZ3iFN+vJerHerY9la8kqZk7gD6zPHxVtk2E=</latexit>

Cg

fa

<latexit sha1_base64="ppy5hegP1tXVUz9QXikLGbLwusI="></latexit>

Le↵ � 1

2
(@µa)(@µa)�

1

2
m2

0a
2 + Lag + La�

<latexit sha1_base64="RS3tmu+jl79IfbcyWa4upAKVNc4=">AAAB+XicdVDLSgMxFL3js9bXqEs3wSK4KplSarsrunHhooJ9QDsMmTTThmYeJJlCGfonblwo4tY/ceffmGkrqOiBwOGce7knx08EVxrjD2ttfWNza7uwU9zd2z84tI+OOypOJWVtGotY9nyimOARa2uuBeslkpHQF6zrT65zvztlUvE4utezhLkhGUU84JRoI3m2PQiJHlMistu5l5HR3LNLuIwNajWUE6eOHUMajXql0kDOwsK4BCu0PPt9MIxpGrJIU0GU6js40W5GpOZUsHlxkCqWEDohI9Y3NCIhU262SD5H50YZoiCW5kUaLdTvGxkJlZqFvpnMc6rfXi7+5fVTHdTdjEdJqllEl4eCVCAdo7wGNOSSUS1mhhAqucmK6JhIQrUpq2hK+Pop+p90KmWnVq7eVUvNq1UdBTiFM7gABy6hCTfQgjZQmMIDPMGzlVmP1ov1uhxds1Y7J/AD1tsnXbeUKg==</latexit>

Lag
<latexit sha1_base64="GZkSu6vkLFF/lYFOpRkwPJ9UuUw=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgapgppbosunHhooJ9QKeUO2nahiaZIckIZSj4K25cKOLW73Dn35hpK6jogZDDOfeSkxMlnGnj+x/O0vLK6tp6YaO4ubW9s+vu7Td1nCpCGyTmsWpHoClnkjYMM5y2E0VBRJy2ovFl7rfuqNIslrdmktCugKFkA0bAWKnnHoYCzIgAz66nvQzCIQgB055b8r2qbxFg36vkd9mS8lwJPH+GElqg3nPfw35MUkGlIRy07gR+YroZKMMIp9NimGqaABnDkHYslSCo7maz+FN8YpU+HsTKHmnwTP2+kYHQeiIiO5mH1b+9XPzL66RmcN7NmExSQyWZPzRIOTYxzrvAfaYoMXxiCRDFbFZMRqCAGNtY0Zbw9VP8P2mWvaDqVW4qpdrFoo4COkLH6BQF6AzV0BWqowYiKEMP6Ak9O/fOo/PivM5Hl5zFzgH6AeftE/lclig=</latexit>

La�
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Axion-like particles

We consider axion-like particles (or axions) with a generic mass term and couplings

: axion field
<latexit sha1_base64="g1udoKqo8BCWu2kpDHD3VWkGU3k=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxkuM7g==</latexit>a

: axion mass<latexit sha1_base64="OU3bhPreo7/179ZpeEhU4jn+wqU=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD7Lv9csVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwD8SY2d</latexit>m0

axion-photon coupling

<latexit sha1_base64="ppy5hegP1tXVUz9QXikLGbLwusI="></latexit>

Le↵ � 1

2
(@µa)(@µa)�

1

2
m2

0a
2 + Lag + La�

<latexit sha1_base64="RS3tmu+jl79IfbcyWa4upAKVNc4=">AAAB+XicdVDLSgMxFL3js9bXqEs3wSK4KplSarsrunHhooJ9QDsMmTTThmYeJJlCGfonblwo4tY/ceffmGkrqOiBwOGce7knx08EVxrjD2ttfWNza7uwU9zd2z84tI+OOypOJWVtGotY9nyimOARa2uuBeslkpHQF6zrT65zvztlUvE4utezhLkhGUU84JRoI3m2PQiJHlMistu5l5HR3LNLuIwNajWUE6eOHUMajXql0kDOwsK4BCu0PPt9MIxpGrJIU0GU6js40W5GpOZUsHlxkCqWEDohI9Y3NCIhU262SD5H50YZoiCW5kUaLdTvGxkJlZqFvpnMc6rfXi7+5fVTHdTdjEdJqllEl4eCVCAdo7wGNOSSUS1mhhAqucmK6JhIQrUpq2hK+Pop+p90KmWnVq7eVUvNq1UdBTiFM7gABy6hCTfQgjZQmMIDPMGzlVmP1ov1uhxds1Y7J/AD1tsnXbeUKg==</latexit>

Lag
<latexit sha1_base64="GZkSu6vkLFF/lYFOpRkwPJ9UuUw=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgapgppbosunHhooJ9QKeUO2nahiaZIckIZSj4K25cKOLW73Dn35hpK6jogZDDOfeSkxMlnGnj+x/O0vLK6tp6YaO4ubW9s+vu7Td1nCpCGyTmsWpHoClnkjYMM5y2E0VBRJy2ovFl7rfuqNIslrdmktCugKFkA0bAWKnnHoYCzIgAz66nvQzCIQgB055b8r2qbxFg36vkd9mS8lwJPH+GElqg3nPfw35MUkGlIRy07gR+YroZKMMIp9NimGqaABnDkHYslSCo7maz+FN8YpU+HsTKHmnwTP2+kYHQeiIiO5mH1b+9XPzL66RmcN7NmExSQyWZPzRIOTYxzrvAfaYoMXxiCRDFbFZMRqCAGNtY0Zbw9VP8P2mWvaDqVW4qpdrFoo4COkLH6BQF6AzV0BWqowYiKEMP6Ak9O/fOo/PivM5Hl5zFzgH6AeftE/lclig=</latexit>

La�

<latexit sha1_base64="IrdflYhdIZNJ4IVy+MvfbmN17ro="></latexit>

La� =
1

4
g0a�aFµ⌫ F̃

µ⌫

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>�

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>�

<latexit sha1_base64="Hypqq2u3/9PrGqFKYD3fntwhekU=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqexKUY9FLx4r2A9o1zKbZrehSXZNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epIrRJYh6rTgCaciZp0zDDaSdRFETAaTsY3c789pgqzWL5YCYJ9QVEkoWMgLGSH/Uz6EUgBEwf3X654lbdOfAq8XJSQTka/fJXbxCTVFBpCAetu56bGD8DZRjhdFrqpZomQEYQ0a6lEgTVfjY/eorPrDLAYaxsSYPn6u+JDITWExHYTgFmqJe9mfif101NeO1nTCapoZIsFoUpxybGswTwgClKDJ9YAkQxeysmQ1BAjM2pZEPwll9eJa2LqndZrd3XKvWbPI4iOkGn6Bx56ArV0R1qoCYi6Ak9o1f05oydF+fd+Vi0Fpx85hj9gfP5A7SZkhE=</latexit>

g0a�
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Thermal axion production

Freeze-out of thermal particles from the plasma occurs when                    at decoupling
<latexit sha1_base64="eLsVLYvNNCGwBXk8rMwjvcCITD8=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBU9kVUY9FD/ZYwX5AdymzadqGJrshyRbL0n/ixYMiXv0n3vw3pu0etPXBwOO9GWbmRZIzbTzv2ymsrW9sbhW3Szu7e/sH7uFRUyepIrRBEp6odgSachbThmGG07ZUFETEaSsa3c381pgqzZL40UwkDQUMYtZnBIyVuq5bwwFIqZInHNyDENB1y17FmwOvEj8nZZSj3nW/gl5CUkFjQzho3fE9acIMlGGE02kpSDWVQEYwoB1LYxBUh9n88ik+s0oP9xNlKzZ4rv6eyEBoPRGR7RRghnrZm4n/eZ3U9G/CjMUyNTQmi0X9lGOT4FkMuMcUJYZPLAGimL0VkyEoIMaGVbIh+Msvr5LmRcW/qlw+XJart3kcRXSCTtE58tE1qqIaqqMGImiMntErenMy58V5dz4WrQUnnzlGf+B8/gCxlpMR</latexit>

H ⇡ �

<latexit sha1_base64="BE9+kqfGxxw2pBCJgp8XHIwg6Fk="></latexit>

dna

dt
+ 3H(T )na = � (neq

a � na)Boltzmann equation:

We study axion-gluon and axion-photon productions separately

<latexit sha1_base64="nVxtNMiaQMcHxYppfBXn76VcbaQ="></latexit>

�ag =
1

(4⇡3)
↵2
s T

3

✓
Cg

fa

◆2

Fg(T )

<latexit sha1_base64="4dSs81ZvDLacrlxZ1yewwae83aI="></latexit>

�Q�!Qa =
↵EM⇡2g2a�
36⇣(3)


ln

✓
T 2

m2
�

◆
+ 0.8194

�
nQ

<latexit sha1_base64="xap/waGcrYbNCIeTZCy9Vf5QkhA=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUTcmUUttdURCXFfqCdiiZNNPGZpIhyQhl6D+4caGIW//HnX9jpq2gogcuHM65l3vv8SPOtEHow8msrW9sbmW3czu7e/sH+cOjjpaxIrRNJJeq52NNORO0bZjhtBcpikOf064/vUr97j1VmknRMrOIeiEeCxYwgo2VOtfDcbF1PswXUAlZVKswJW4NuZbU67VyuQ7dhYVQAazQHObfByNJ4pAKQzjWuu+iyHgJVoYRTue5QaxphMkUj2nfUoFDqr1kce0cnlllBAOpbAkDF+r3iQSHWs9C33aG2Ez0by8V//L6sQlqXsJEFBsqyHJREHNoJExfhyOmKDF8ZgkmitlbIZlghYmxAeVsCF+fwv9Jp1xyq6XKbaXQuFzFkQUn4BQUgQsuQAPcgCZoAwLuwAN4As+OdB6dF+d12ZpxVjPH4Aect0/YOI6t</latexit>

Fg(T )Axion-SM production is given by
(Salvio+13)

<latexit sha1_base64="oT505wdebcpjPDzagDRavHAOQdA=">AAAB73icdVBNSwMxEJ31s9avqkcvwSJ4WnZLqR6LXjxWsB/QLmU2zbahye6aZIVS+ie8eFDEq3/Hm//GbFtBRR+EPN6bYWZemAqujed9OCura+sbm4Wt4vbO7t5+6eCwpZNMUdakiUhUJ0TNBI9Z03AjWCdVDGUoWDscX+V++54pzZP41kxSFkgcxjziFI2VOrLfG6KU2C+VPbfmWfjEc6v5X7GkslB815ujDEs0+qX33iChmWSxoQK17vpeaoIpKsOpYLNiL9MsRTrGIetaGqNkOpjO952RU6sMSJQo+2JD5ur3jilKrScytJUSzUj/9nLxL6+bmegimPI4zQyL6WJQlAliEpIfTwZcMWrExBKkittdCR2hQmpsREUbwtel5H/Sqrh+za3eVMv1y2UcBTiGEzgDH86hDtfQgCZQEPAAT/Ds3DmPzovzuihdcZY9R/ADztsnJwuQDw==</latexit>m�Plasmon mass
Charged particles density

<latexit sha1_base64="07udDBpKTYVKco6QxpThOqjS0So=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapgppbosunHZon1AO5RMmmlDk8yQZIQy9BPcuFDErV/kzr8x01ZQ0QMhh3Pu5d57woQzbTzvwymsrW9sbhW3Szu7e/sH5cOjjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh9Dr3u/dUaRbLOzNLaCDwWLKIEWysdCuHrWG54rl1z8JHnlvL/6ol1aXiu94CFVihOSy/D0YxSQWVhnCsdd/3EhNkWBlGOJ2XBqmmCSZTPKZ9SyUWVAfZYtU5OrPKCEWxsk8atFC/d2RYaD0Toa0U2Ez0by8X//L6qYkug4zJJDVUkuWgKOXIxCi/G42YosTwmSWYKGZ3RWSCFSbGplOyIXxdiv4nnarr191aq1ZpXK3iKMIJnMI5+HABDbiBJrSBwBge4AmeHe48Oi/O67K04Kx6juEHnLdPSLON0A==</latexit>nQ
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Thermal axion production

Recall:
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We find a relation between                  and either                 (axion-gluon) or            (axion-photon)
<latexit sha1_base64="jqG441Fq77YfX5zDFalwZT7BWeA=">AAAB+3icbVBNS8NAEN3Ur1q/aj16WSyCp5KIqMeiHjxJBfsBTQib7aRdutmE3Y1YQv6KFw+KePWPePPfuG1z0NYHA4/3ZpiZFyScKW3b31ZpZXVtfaO8Wdna3tndq+7XOipOJYU2jXksewFRwJmAtmaaQy+RQKKAQzcYX0/97iNIxWLxoCcJeBEZChYySrSR/GrNvQGuCb7zM1dGGMIw96t1u2HPgJeJU5A6KtDyq1/uIKZpBEJTTpTqO3aivYxIzSiHvOKmChJCx2QIfUMFiUB52ez2HB8bZYDDWJoSGs/U3xMZiZSaRIHpjIgeqUVvKv7n9VMdXnoZE0mqQdD5ojDlWMd4GgQeMAlU84khhEpmbsV0RCSh2sRVMSE4iy8vk85pwzlvnN2f1ZtXRRxldIiO0Aly0AVqolvUQm1E0RN6Rq/ozcqtF+vd+pi3lqxi5gD9gfX5A1OYk/8=</latexit>

�Ne↵
<latexit sha1_base64="YNzPrzxTTlo0WZAV98CtMrhKaXk=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmZKqS6LblxWsA9oh3InzUxDk8yQZIQy9DPcuFDErV/jzr8x01ZQ0QMhh3Pu5d57wpQzbTzvwymtrW9sbpW3Kzu7e/sH1cOjrk4yRWiHJDxR/RA05UzSjmGG036qKIiQ0144vS783j1VmiXyzsxSGgiIJYsYAWOlQTzKYRiDEDAfVWue2/QsfOy5jeKvW1JfKr7rLVBDK7RH1ffhOCGZoNIQDloPfC81QQ7KMMLpvDLMNE2BTCGmA0slCKqDfLHyHJ9ZZYyjRNknDV6o3ztyEFrPRGgrBZiJ/u0V4l/eIDPRZZAzmWaGSrIcFGUcmwQX9+MxU5QYPrMEiGJ2V0wmoIAYm1LFhvB1Kf6fdOuu33Qbt41a62oVRxmdoFN0jnx0gVroBrVRBxGUoAf0hJ4d4zw6L87rsrTkrHqO0Q84b5+i15GA</latexit>ga�

<latexit sha1_base64="qdEl2ZbH95jT1iseblbS1x9fKx8=">AAAB7nicdVBNSwMxEJ2tX7V+VT16CRbBU82WUttbsRePFawttMuSTbNtaDa7JFmhLP0RXjwo4tXf481/Y/ohqOiDgcd7M8zMCxLBtcH4w8mtrW9sbuW3Czu7e/sHxcOjOx2nirIOjUWsegHRTHDJOoYbwXqJYiQKBOsGk9bc794zpXksb800YV5ERpKHnBJjpW7LH12EPvGLJVzGFrUamhO3jl1LGo16pdJA7sLCuAQrtP3i+2AY0zRi0lBBtO67ODFeRpThVLBZYZBqlhA6ISPWt1SSiGkvW5w7Q2dWGaIwVrakQQv1+0RGIq2nUWA7I2LG+rc3F//y+qkJ617GZZIaJulyUZgKZGI0/x0NuWLUiKklhCpub0V0TBShxiZUsCF8fYr+J3eVslsrV2+qpebVKo48nMApnIMLl9CEa2hDByhM4AGe4NlJnEfnxXldtuac1cwx/IDz9gkFho9k</latexit>

Cg/fa

[D’Eramo+ `21] [Bolz+ `92; Cadamuro&Redondo `12]

g-g and g-q

scatterings


+

qq annihilations

pion

scatterings

Primakoff effect

(axion-photon conversion

in a strong magnetic field)
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Thermal axion production

We consider thermal axions in the mass range
<latexit sha1_base64="Hgbk9UbXWsr5gw4CG8ySaT1M22s=">AAACCXicbZC7TsMwFIYdrqXcAowsFhUSQ6mSqlzGChbGItGL1ITIcZ3Wqu1EtoNURV1ZeBUWBhBi5Q3YeBvcNgO0/JKlT/85x/b5w4RRpR3n21paXlldWy9sFDe3tnd27b39lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8HpSbz8QqWgs7vQoIT5HfUEjipE2VmBDHiDoUQG7rnOfndbGZWig6mee5F6ZtMaBXXIqzlRwEdwcSiBXI7C/vF6MU06ExgwpZS5OtJ8hqSlmZFz0UkUShIeoT7oGBeJE+dl0kzE8Nk4PRrE0R2g4dX9PZIgrNeKh6eRID9R8bWL+V+umOrr0MyqSVBOBZw9FKYM6hpNYYI9KgjUbGUBYUvNXiAdIIqxNeEUTgju/8iK0qhX3vHJ2WyvVr/I4CuAQHIET4IILUAc3oAGaAINH8AxewZv1ZL1Y79bHrHXJymcOwB9Znz8fm5gY</latexit>

ma 2 [10�4, 102] eV

Axion decoupling occurs at temperature         where
<latexit sha1_base64="t5v8PqB6M9U4jDEeDIOiAP6lPPY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eIeUGyhNnZ2WTI7Owy0yuEkE/w4kERr36RN//GSbIHjRY0FFXddHcFqRQGXffLKaysrq1vFDdLW9s7u3vl/YOWSTLNeJMlMtGdgBouheJNFCh5J9WcxoHk7WB0O/Pbj1wbkagGjlPux3SgRCQYRSs9NPphv1xxq+4c5C/xclKBHPV++bMXJiyLuUImqTFdz03Rn1CNgkk+LfUyw1PKRnTAu5YqGnPjT+anTsmJVUISJdqWQjJXf05MaGzMOA5sZ0xxaJa9mfif180wuvYnQqUZcsUWi6JMEkzI7G8SCs0ZyrEllGlhbyVsSDVlaNMp2RC85Zf/ktZZ1busXtyfV2o3eRxFOIJjOAUPrqAGd1CHJjAYwBO8wKsjnWfnzXlftBacfOYQfsH5+AYlZI25</latexit>

Td
<latexit sha1_base64="igWtd6TOpNB3OqHIDZoy5eqHA/A=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuimJ+FoWXdhlhb6gCWEymbRDZ5I4MxFKKW78FTcuFHHrV7jzb5ymWWjrgQtnzrmXuff4CaNSWda3UVhaXlldK66XNja3tnfM3b22jFOBSQvHLBZdH0nCaERaiipGuokgiPuMdPzhzdTvPBAhaRw11SghLkf9iIYUI6UlzzxwbhHnqNL0ghPoSMrJPaxnL88sW1UrA1wkdk7KIEfDM7+cIMYpJ5HCDEnZs61EuWMkFMWMTEpOKkmC8BD1SU/TCHEi3XF2wgQeayWAYSx0RQpm6u+JMeJSjrivOzlSAznvTcX/vF6qwit3TKMkVSTCs4/ClEEVw2keMKCCYMVGmiAsqN4V4gESCCudWkmHYM+fvEjap1X7onp+d1auXedxFMEhOAIVYINLUAN10AAtgMEjeAav4M14Ml6Md+Nj1low8pl98AfG5w/EppXB</latexit>

�(Td) ' H(Td)

• Light axions contribute to the

    energy density of radiation

Small axion mass

• Heavier axions contribute to the

    energy density of matter

Large axion mass

<latexit sha1_base64="KfpCvWzQckt8uAd5geRB9Fg+2+c="></latexit>

!a ' manah
2 ' 0.011

⇣ma

eV

⌘
�N3/4

e↵

<latexit sha1_base64="eIdjynQm2G+UPWHzgj+ThgTV77A=">AAACBXicbVDLSsNAFJ3UV62vqktdDBahgoREfC2LblxWsA9oQphMb9qhM0mYmQgldOPGX3HjQhG3/oM7/8bpY6HVAxcO59zLvfeEKWdKO86XVVhYXFpeKa6W1tY3NrfK2ztNlWSSQoMmPJHtkCjgLIaGZppDO5VARMihFQ6ux37rHqRiSXynhyn4gvRiFjFKtJGC8n5VBAR7HJRSTGDHdnHuSeEdQ3N0FJQrju1MgP8Sd0YqaIZ6UP70ugnNBMSacqJUx3VS7edEakY5jEpepiAldEB60DE0JgKUn0++GOFDo3RxlEhTscYT9edEToRSQxGaTkF0X817Y/E/r5Pp6NLPWZxmGmI6XRRlHOsEjyPBXSaBaj40hFDJzK2Y9okkVJvgSiYEd/7lv6R5Yrvn9tntaaV2NYujiPbQAaoiF12gGrpBddRAFD2gJ/SCXq1H69l6s96nrQVrNrOLfsH6+AYWEJcM</latexit>

(ma . 0.1 eV)

<latexit sha1_base64="NE9z3ab2Mq/RmA3S7650PWDtgPk=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahgpQZ38uiG5cV7AM6w5BJM21okhmSjFCGght/xY0LRdz6E+78G9N2Ftp6IHA451xu7gkTRpV2nG+rsLC4tLxSXC2trW9sbtnbO00VpxKTBo5ZLNshUoRRQRqaakbaiSSIh4y0wsHN2G89EKloLO71MCE+Rz1BI4qRNlJg71V4gKDX0ybC4akDM09y75g0R0eBXXaqzgRwnrg5KYMc9cD+8roxTjkRGjOkVMd1Eu1nSGqKGRmVvFSRBOEB6pGOoQJxovxscsMIHhqlC6NYmic0nKi/JzLElRry0CQ50n01643F/7xOqqMrP6MiSTUReLooShnUMRwXArtUEqzZ0BCEJTV/hbiPJMLa1FYyJbizJ8+T5knVvaie352Va9d5HUWwDw5ABbjgEtTALaiDBsDgETyDV/BmPVkv1rv1MY0WrHxmF/yB9fkD1uSWYg==</latexit>

(ma & 30 eV)

<latexit sha1_base64="l1aIWbuA4NRVYTBLt6ipFh/lW9A="></latexit>

�Ne↵ ⌘ ⇢a(ma = 0)

⇢⌫ ,massless
' 0.027

✓
g⇤s(Td)

106.75

◆�4/3

Similar techniques for other production channels
(Not covered here)

• Axion-electron

• Axion-quark

Primakoff + ABC

<latexit sha1_base64="fflT8DIRgZ1NzRM/p9XN3nEVhs4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7Ow6M2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tgrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AN8vjQA=</latexit>q
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Thermal axion production

OPPORTUNITY: heavy axions decay into two photons through the same interaction term:
<latexit sha1_base64="DdShWnP9oStEGe3pLrCUZm2Wgbo="></latexit>

⌧�!�� =
64⇡

g2���m
3
⇡

⇠ 400, 000 yr

✓
10�13 GeV�1

g���

◆2 ✓
1MeV

m�

◆3

Slightly lighter or more weakly coupled axions would decay after recombination and reionize

Photon deposit energy into cosmic electrons and affect the optical depth at redshift z:
<latexit sha1_base64="fi8wpp6quIHdfnJpP94kPTbkzLE="></latexit>

⌧reio(z) ⌘
Z t(z)

today
dt�T ne(z) This is testable with CMB EE data
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Thermal axion production

Axion-induced ionization fraction from energy depositionGaussian process, model independent reconstruction

of the free electron fraction from Planck large angle

E-mode CMB polarization data

Cheng, Yin, Di Valentino, Marsh, LV 2506.19096
Yin, Cheng, Di Valentino, Gendler, Marsh, LV 2507.03535

Details on GPU approach in Hanyu Cheng’s talk from Monday
Details on applications to the string axiverse in Ziwen Yin’s talk from Monday

https://arxiv.org/pdf/2506.19096
https://arxiv.org/pdf/2507.03535


IV. Axions as dark energy
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Hints of evolving dark energy?

Baryon acoustic oscillation

measurements by DESI suggest

a preference for evolving dark energy.


The CPL parametrization:


is favored over                        at 3.1

using CMB+DESI


Abdul Karim+ (DESI) 2503.14738

<latexit sha1_base64="df6pS+fDI2SW4+uNrc9QP/fMhkY=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEFrHMiFQ3QtGNywr2Ae0w3EkzbWjmQZKxlKHgr7hxoYhbv8Odf2PazkKrB+7lcM695OZ4MWdSWdaXkVtaXlldy68XNja3tnfM3b2mjBJBaINEPBJtDyTlLKQNxRSn7VhQCDxOW97wZuq3HqiQLArv1TimTgD9kPmMgNKSax6MSlDGV3jkWvhEdyjZp1B2zaJVsWbAf4mdkSLKUHfNz24vIklAQ0U4SNmxrVg5KQjFCKeTQjeRNAYyhD7taBpCQKWTzs6f4GOt9LAfCV2hwjP150YKgZTjwNOTAaiBXPSm4n9eJ1H+pZOyME4UDcn8IT/hWEV4mgXuMUGJ4mNNgAimb8VkAAKI0okVdAj24pf/kuZZxa5Wqnfnxdp1FkceHaIjVEI2ukA1dIvqqIEIStETekGvxqPxbLwZ7/PRnJHt7KNfMD6+AemFkuY=</latexit>

w(a) = w0 + wa(1� a)

<latexit sha1_base64="5g/hP+v68PTDMnpjYOt1ZlN+VcA=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgxpKIVDdC0Y0LFxXsA9oQJpNpO3QyCTOTSgn9EzcuFHHrn7jzb5y2WWjrgYHDOedy75wg4Uxpx/m2Ciura+sbxc3S1vbO7p69f9BUcSoJbZCYx7IdYEU5E7Shmea0nUiKo4DTVjC8nfqtEZWKxeJRjxPqRbgvWI8RrI3k2/aTn3XvTT7EE3SNzlzfLjsVZwa0TNyclCFH3be/umFM0ogKTThWquM6ifYyLDUjnE5K3VTRBJMh7tOOoQJHVHnZ7PIJOjFKiHqxNE9oNFN/T2Q4UmocBSYZYT1Qi95U/M/rpLp35WVMJKmmgswX9VKOdIymNaCQSUo0HxuCiWTmVkQGWGKiTVklU4K7+OVl0jyvuNVK9eGiXLvJ6yjCERzDKbhwCTW4gzo0gMAInuEV3qzMerHerY95tGDlM4fwB9bnDwJukpw=</latexit>

w⇤ = �1 <latexit sha1_base64="tdy5cBUx22e49sInllEMc7AaEZY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn/GPLg==</latexit>�
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<latexit sha1_base64="xgEWqnP3ZOJvzgKUnyCajeL8+6o="></latexit>

�i ⌘ ⇡ � �i/f�

A light boson field is an excellent candidate for quintessence, i.e. dynamical dark energy

Hubble friction keeps a light boson frozen to its initial configuration
<latexit sha1_base64="Ic/Elui0etIsN8bKLCbS6NVpFk8=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFclUyRsV0IRTcuK9gHtEPJpGkbmsmMSaZQhn6HGxeKuPVj3Pk3ZtoKKnrgcg/n3EtuThALrg3GH87K6tr6xmZuK7+9s7u3Xzg4bOooUZQ1aCQi1Q6IZoJL1jDcCNaOFSNhIFgrGF9nfmvClOaRvDPTmPkhGUo+4JQYK/ndeMTRJcpaj/cKRVzCFp6HMuJWsGtJtVopl6vInVsYF2GJeq/w3u1HNAmZNFQQrTsujo2fEmU4FWyW7yaaxYSOyZB1LJUkZNpP50fP0KlV+mgQKVvSoLn6fSMlodbTMLCTITEj/dvLxL+8TmIGFT/lMk4Mk3Tx0CARyEQoSwD1uWLUiKklhCpub0V0RBShxuaUtyF8/RT9T5rlkuuVvNvzYu1qGUcOjuEEzsCFC6jBDdShARTu4QGe4NmZOI/Oi/O6GF1xljtH8APO2ycxqJHD</latexit>

� = �i
<latexit sha1_base64="lrzDZD5T4GSE2jln6972aZNXH38=">AAAB8HicdVBNSwMxEJ31s9avqkcvwSLUS8kWWdtb0YvHCvZD2qVk07QNTXaXJCuUpb/CiwdFvPpzvPlvzLYVVPTBwOO9GWbmBbHg2mD84aysrq1vbOa28ts7u3v7hYPDlo4SRVmTRiJSnYBoJnjImoYbwTqxYkQGgrWDyVXmt++Z0jwKb800Zr4ko5APOSXGSnetUi8e8z4/6xeKuIwtPA9lxK1i15JarVqp1JA7tzAuwhKNfuG9N4hoIlloqCBad10cGz8lynAq2CzfSzSLCZ2QEetaGhLJtJ/OD56hU6sM0DBStkKD5ur3iZRIracysJ2SmLH+7WXiX143McOqn/IwTgwL6WLRMBHIRCj7Hg24YtSIqSWEKm5vRXRMFKHGZpS3IXx9iv4nrUrZ9crezXmxfrmMIwfHcAIlcOEC6nANDWgCBQkP8ATPjnIenRfnddG64ixnjuAHnLdPXTSQKA==</latexit>

V (�i)The zero-energy of the field                 acts as a dark energy component

<latexit sha1_base64="JdGIzrI69cuF9octslDLHhktpmo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY9OKxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4b0+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCye3c7zxRpVkkH8w0pr7AI8lCRrCx0mO72o/HbMDOB+WKW3MzoFXi5aQCOZqD8ld/GJFEUGkIx1r3PDc2foqVYYTTWamfaBpjMsEj2rNUYkG1n2YHz9CZVYYojJQtaVCm/p5IsdB6KgLbKbAZ62VvLv7n9RITXvspk3FiqCSLRWHCkYnQ/Hs0ZIoSw6eWYKKYvRWRMVaYGJtRyYbgLb+8StoXNa9eq99fVho3eRxFOIFTqIIHV9CAO2hCCwgIeIZXeHOU8+K8Ox+L1oKTzxzDHzifPwXvj+s=</latexit>

V (�i)

<latexit sha1_base64="DzgqhU9POHfGihsMN5F2+RZcjuE=">AAACHnicbVC7SgNBFJ2NrxhfUUubwSAkhXFXYrQRgjYWFhHMA7JrmJ3MJkNmH8zcFcKSL7HxV2wsFBGs9G+cbFJo9MDA4ZxzuXOPGwmuwDS/jMzC4tLySnY1t7a+sbmV395pqjCWlDVoKELZdoliggesARwEa0eSEd8VrOUOLyd+655JxcPgFkYRc3zSD7jHKQEtdfMnzaIdDXgJn2P7Wo/1yF3FFsyDooUPsU1DlfpHXjeN2ZL3B1Dq5gtm2UyB/xJrRgpohno3/2H3Qhr7LAAqiFIdy4zASYgETgUb5+xYsYjQIemzjqYB8ZlykvS8MT7QSg97odQvAJyqPycS4is18l2d9AkM1Lw3Ef/zOjF4Z07CgygGFtDpIi8WGEI86Qr3uGQUxEgTQiXXf8V0QCShoBvN6RKs+ZP/kuZx2aqWqzeVQu1iVkcW7aF9VEQWOkU1dIXqqIEoekBP6AW9Go/Gs/FmvE+jGWM2s4t+wfj8BndBoEg=</latexit>

V (�) = ⇤4 (1� cos(�/f�))Potential:

Not so simple to fit!

Once the Hubble rate falls below the boson mass,

the field starts to move:

<latexit sha1_base64="VQWf3F3JFbgHcE7jl9JnCiikVVU="></latexit>

m� ' H0 ⇠ 10�33 eV

<latexit sha1_base64="Wq7aQUYkr+R13vNBNEkN+SkL/Qw="></latexit>

w� ⌘ p�
⇢�

=
�̇2 � 2V (�)

�̇2 + 2V (�)
⇠ �1

<latexit sha1_base64="wnT75H6zFO4qflY5NVE3qmYq1BE="></latexit>

⇢� ⌘ 1

2
�̇2 + V (�) ⇠ ⇢DE

Axions as Dark Energy? Luca Visinelli
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Protection of Mass Hierarchy: The axion shift symmetry                              protects 

the small mass of the pseudo scalar          from quantum corrections

<latexit sha1_base64="M+QGt6kFQXGSMN7M3Il2/K2PMU0=">AAACAnicdVDLSsNAFJ34rPUVdSVuBosgCGVSJLa7ohuXFewDmlAm00kzdPJgZqKUUNz4K25cKOLWr3Dn3zhJK6jogQuHc+7l3nu8hDOpEPowFhaXlldWS2vl9Y3NrW1zZ7cj41QQ2iYxj0XPw5JyFtG2YorTXiIoDj1Ou974Ive7N1RIFkfXapJQN8SjiPmMYKWlgbnvJAGDjmCjQGEh4ltYCCeQDMwKqiIN24Y5serI0qTRqNdqDWgVFkIVMEdrYL47w5ikIY0U4VjKvoUS5WZYKEY4nZadVNIEkzEe0b6mEQ6pdLPihSk80soQ+rHQFSlYqN8nMhxKOQk93RliFcjfXi7+5fVT5dfdjEVJqmhEZov8lEMVwzwPOGSCEsUnmmAimL4VkgALTJROraxD+PoU/k86taplV+2r00rzfB5HCRyAQ3AMLHAGmuAStEAbEHAHHsATeDbujUfjxXidtS4Y85k98APG2yd1qZba</latexit>

� ! �+ c
<latexit sha1_base64="6KEhlkcff3iNMdzOA40q3ujGa58=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJVNkbHdFNy4r2Ae0Q8mkmTY2jyHJCGXoP7hxoYhb/8edf2OmraCiBy4czrmXe++JEs6MRejDW1ldW9/YLGwVt3d29/ZLB4dto1JNaIsornQ3woZyJmnLMstpN9EUi4jTTjS5yv3OPdWGKXlrpwkNBR5JFjOCrZPaYtBPxmxQKqMKcggCmBO/hnxH6vVatVqH/txCqAyWaA5K7/2hIqmg0hKOjen5KLFhhrVlhNNZsZ8ammAywSPac1RiQU2Yza+dwVOnDGGstCtp4Vz9PpFhYcxURK5TYDs2v71c/MvrpTauhRmTSWqpJItFccqhVTB/HQ6ZpsTyqSOYaOZuhWSMNSbWBVR0IXx9Cv8n7WrFDyrBzXm5cbmMowCOwQk4Az64AA1wDZqgBQi4Aw/gCTx7ynv0XrzXReuKt5w5Aj/gvX0C8RGPZw==</latexit>m�

Evading Fifth-Force Constraints: Axion couplings with matter are derivative:
<latexit sha1_base64="DcQSiHtvd5WEQUTnRHN+CToDZnE="></latexit>

L / (@µ�)  ̄�
µ 

This leads to spin-dependent, velocity-suppressed forces that evade experimental bounds

String Theory Motivation: Large ensembles of axions with a spectrum of masses are expected from 
compactifications of extra dimensions, giving a natural UV-completed framework.

Unique Observational Signatures: The parity-odd nature of axions leads to distinct signatures,

such as cosmic birefringence and astrophysical probes of magnetic fields.

Axions as Dark Energy? Luca Visinelli



Light axion model of dark energy

Lin, LV, Yanagida 2504.17638

<latexit sha1_base64="5bwrS1Z/jqEXktN3GDWKF3vL7aM="></latexit>

�i ⌘ ⇡ � �i/f� = ✏

✓
m�

H0
+ 1

◆1.5

exp

✓
�m�

H0

◆

<latexit sha1_base64="X6N5/0BBGYlZixPTp7HXH1+XTEQ=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkpStLosunFZwT4gCWUynbRDJzNhZiKEUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3njBhVGnH+bZKa+sbm1vl7crO7t7+gX141FUilZh0sGBC9kOkCKOcdDTVjPQTSVAcMtILJ7czv/dIpKKCP+gsIUGMRpxGFCNtpIFd9UmiKBMc+pRDzzlvXAYDu+bUnTngKnELUgMF2gP7yx8KnMaEa8yQUp7rJDrIkdQUMzKt+KkiCcITNCKeoRzFRAX5/PgpPDXKEEZCmuIaztXfEzmKlcri0HTGSI/VsjcT//O8VEfXQU55kmrC8WJRlDKoBZwlAYdUEqxZZgjCkppbIR4jibA2eVVMCO7yy6uk26i7zXrz/qLWuiniKINjcALOgAuuQAvcgTboAAwy8AxewZv1ZL1Y79bHorVkFTNV8AfW5w8EZZO4</latexit>

✏ 2 [0, 25] Uniform

Accurate sampling strategy to explore low-masses:

is excluded at 2
<latexit sha1_base64="2Bxy2rVnf09incMGRj6VWmP7tiA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1YtQ9OKxgv3ANpTNdtIu3eyG3Y1QQv+FFw+KePXfePPfuG1z0OqDgcd7M8zMCxPOtPG8L6ewsrq2vlHcLG1t7+zulfcPWlqmimKTSi5VJyQaORPYNMxw7CQKSRxybIfjm5nffkSlmRT3ZpJgEJOhYBGjxFjpoYeJZlyKK69frnhVbw73L/FzUoEcjX75szeQNI1RGMqJ1l3fS0yQEWUY5Tgt9VKNCaFjMsSupYLEqINsfvHUPbHKwI2ksiWMO1d/TmQk1noSh7YzJmakl72Z+J/XTU10GWRMJKlBQReLopS7Rrqz990BU0gNn1hCqGL2VpeOiCLU2JBKNgR/+eW/pHVW9WvV2t15pX6dx1GEIziGU/DhAupwCw1oAgUBT/ACr452np03533RWnDymUP4BefjG0Z1kKw=</latexit>

✏ = 0 <latexit sha1_base64="tdy5cBUx22e49sInllEMc7AaEZY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPn/GPLg==</latexit>�

by DESY+DESY5
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The correct sampling of initial conditions 

reveals a region with low mass and high

<latexit sha1_base64="pVjBXpc9VnmG1U9+BgWYBHLdmm8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxWsB/QLiWbZtvYbBKSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3n6g2TIoHO1E0TPBQsJgRbJ3Uivs9NWL9csWv+nOgVRLkpAI5Gv3yV28gSZpQYQnHxnQDX9kww9oywum01EsNVZiM8ZB2HRU4oSbM5tdO0ZlTBiiW2pWwaK7+nshwYswkiVxngu3ILHsz8T+vm9r4OsyYUKmlgiwWxSlHVqLZ62jANCWWTxzBRDN3KyIjrDGxLqCSCyFYfnmVtC6qQa1au7+s1G/yOIpwAqdwDgFcQR3uoAFNIPAIz/AKb570Xrx372PRWvDymWP4A+/zB48NjyM=</latexit>
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<latexit sha1_base64="ZLDxdT3iMvU7IMWgW7mpmIww+ik=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDc1Eakui266rGAf0IQwmU7awZlMmJkIJWTjr7hxoYhbP8Odf+O0zUJbD1w4nHMv994TJowq7TjfVmlldW19o7xZ2dre2d2z9w+6SqQSkw4WTMh+iBRhNCYdTTUj/UQSxENGeuHD7dTvPRKpqIjv9SQhPkejmEYUI22kwD7ymBgFmevkNR54yZjCc9gKnLPArjp1Zwa4TNyCVEGBdmB/eUOBU05ijRlSauA6ifYzJDXFjOQVL1UkQfgBjcjA0Bhxovxs9kAOT40yhJGQpmINZ+rviQxxpSY8NJ0c6bFa9Kbif94g1dG1n9E4STWJ8XxRlDKoBZymAYdUEqzZxBCEJTW3QjxGEmFtMquYENzFl5dJ96LuNuqNu8tq86aIowyOwQmoARdcgSZogTboAAxy8AxewZv1ZL1Y79bHvLVkFTOH4A+szx9SrJTy</latexit>

log10(m�/H0)

<latexit sha1_base64="w9hvxVEtH0CwHtdl/UDboK03PwY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBQY5Ar</latexit>✏
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<latexit sha1_base64="LzF21Iez3xWwrUcauLGHJKmp/uo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU01Eqseilx4rWFtoQthsN+3S3WTZ3Qgl9G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5keRMG9f9dkpr6xubW+Xtys7u3v5B9fDoUaeZIrRDUp6qXoQ15SyhHcMMpz2pKBYRp91ofDfzu09UaZYmD2YiaSDwMGExI9hYyRehL0cMXaBW6IbVmlt350CrxCtIDQq0w+qXP0hJJmhiCMda9z1XmiDHyjDC6bTiZ5pKTMZ4SPuWJlhQHeTzm6fozCoDFKfKVmLQXP09kWOh9UREtlNgM9LL3kz8z+tnJr4JcpbIzNCELBbFGUcmRbMA0IApSgyfWIKJYvZWREZYYWJsTBUbgrf88ip5vKx7jXrj/qrWvC3iKMMJnMI5eHANTWhBGzpAQMIzvMKbkzkvzrvzsWgtOcXMMfyB8/kDduSQrA==</latexit>

m�/H0

<latexit sha1_base64="Bt6BwfSlm2g9bZ1oLuEKsKk65Tg=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbmoiUl0W3bgRKtgHNCVMppN26MwkzEyEErJx46+4caGIW//BnX/jtM1CWw9cOJxzL/feE8SMKu0431ZhaXllda24XtrY3NresXf3WipKJCZNHLFIdgKkCKOCNDXVjHRiSRAPGGkHo+uJ334gUtFI3OtxTHocDQQNKUbaSL596LFo4Keuk1VC34uH9PTWTz3JYYNlJ75ddqrOFHCRuDkpgxwN3/7y+hFOOBEaM6RU13Vi3UuR1BQzkpW8RJEY4REakK6hAnGieun0iwweG6UPw0iaEhpO1d8TKeJKjXlgOjnSQzXvTcT/vG6iw8teSkWcaCLwbFGYMKgjOIkE9qkkWLOxIQhLam6FeIgkwtoEVzIhuPMvL5LWWdWtVWt35+X6VR5HERyAI1ABLrgAdXADGqAJMHgEz+AVvFlP1ov1bn3MWgtWPrMP/sD6/AEyUZfB</latexit> lo
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https://arxiv.org/pdf/2504.17638
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Conclusions

Axion as dark energy: hints and probes (e.g. cosmic birefringence) are emerging.

QCD axion as a light dark matter candidate:

theory and experimental fields are in a mature  stage to come up with reliable predictions

and testings across different mass ranges and couplings.

Still work to do to refine mass predictions, cosmology uncertainties, substructures.

Thermal/heavy axions: parallel avenue of production and multiple detection strategies

(decaying prior reionization, cosmology, large scale structure).

Many ideas are coming to test, some has to be right!!

Luca Visinelli
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Axion Miniclusters in the Milky Way



Luca Visinelli
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Axion miniclusters (scenario 2)

In post-inflation symmetry breaks, fluctuations are            for
<latexit sha1_base64="btuLcWb1kRS6KJKM56o0/LVe98s=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5oUX8uiGxcuKtgHNCFMppN06MwkzEyEErvwV9y4UMStv+HOv3HaZqGtBy4czrmXe+8JU0aVdpxva2FxaXlltbRWXt/Y3Nq2d3ZbKskkJk2csER2QqQIo4I0NdWMdFJJEA8ZaYeD67HffiBS0UTc62FKfI5iQSOKkTZSYO8PoBfHsOal9OQ2yD3JYaLwKLArTtWZAM4TtyAVUKAR2F9eL8EZJ0JjhpTquk6q/RxJTTEjo7KXKZIiPEAx6RoqECfKzyf3j+CRUXowSqQpoeFE/T2RI67UkIemkyPdV7PeWPzP62Y6uvRzKtJME4Gni6KMQZ3AcRiwRyXBmg0NQVhScyvEfSQR1iaysgnBnX15nrRqVfe8enZ3WqlfFXGUwAE4BMfABRegDm5AAzQBBo/gGbyCN+vJerHerY9p64JVzOyBP7A+fwCkbZU/</latexit>

k � 2⇡/Losc

<latexit sha1_base64="cHU2yjTbF+bNgrqLxo5YZlXJHXY=">AAAB9XicbVDLSsNAFL2pr1pfVZduBotQNyURX8uiG3dWsA9oY5lMJ+3QySTMTJQS8h9uXCji1n9x5984abPQ1gMDh3Pu5Z45XsSZ0rb9bRWWlldW14rrpY3Nre2d8u5eS4WxJLRJQh7KjocV5UzQpmaa004kKQ48Ttve+Drz249UKhaKez2JqBvgoWA+I1gb6aEXYD0imCe3adU57pcrds2eAi0SJycVyNHol796g5DEARWacKxU17Ej7SZYakY4TUu9WNEIkzEe0q6hAgdUuck0dYqOjDJAfijNExpN1d8bCQ6UmgSemcxSqnkvE//zurH2L92EiSjWVJDZIT/mSIcoqwANmKRE84khmEhmsiIywhITbYoqmRKc+S8vktZJzTmvnd2dVupXeR1FOIBDqIIDF1CHG2hAEwhIeIZXeLOerBfr3fqYjRasfGcf/sD6/AHK0ZIP</latexit>

O(1)
<latexit sha1_base64="lZoJQYFtKjncmPYLjaogAs26Rgw=">AAACF3icbVDLSsNAFJ34rPUVdelmsAh1ExPxtSy66cJFhb4gCWEynbZDZ5IwMxFK6F+48VfcuFDEre78G6dtoNp64MKZc+5l7j1hwqhUtv1tLC2vrK6tFzaKm1vbO7vm3n5TxqnApIFjFot2iCRhNCINRRUj7UQQxENGWuHgduy3HoiQNI7qapgQn6NeRLsUI6WlwLTugswTHMYSj6AnKYfOqYtmWrVcnz1O/MAs2ZY9AVwkTk5KIEctML+8ToxTTiKFGZLSdexE+RkSimJGRkUvlSRBeIB6xNU0QpxIP5vcNYLHWunAbix0RQpO1N8TGeJSDnmoOzlSfTnvjcX/PDdV3Ws/o1GSKhLh6UfdlEEVw3FIsEMFwYoNNUFYUL0rxH0kEFY6yqIOwZk/eZE0zyzn0rq4Py9VbvI4CuAQHIEycMAVqIAqqIEGwOARPINX8GY8GS/Gu/ExbV0y8pkD8AfG5w+jup79</latexit>

Losc ⇠ 1/[aoscH(Tosc)]
<latexit sha1_base64="6wywPspbgXEjlb0gIA4+pj0rcy8=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAILrQkvpdFNy4r2Ac0sUym03boTBJmJkIJAX/FjQtF3Pod7vwbp20WWj1w4XDOvdx7TxBzprTjfFmFufmFxaXicmlldW19w97caqgokYTWScQj2QqwopyFtK6Z5rQVS4pFwGkzGF6P/eYDlYpF4Z0exdQXuB+yHiNYG6lj73iKCeQ69+nRSZZ6UniHMck6dtmpOBOgv8TNSRly1Dr2p9eNSCJoqAnHSrVdJ9Z+iqVmhNOs5CWKxpgMcZ+2DQ2xoMpPJ+dnaN8oXdSLpKlQo4n6cyLFQqmRCEynwHqgZr2x+J/XTnTv0k9ZGCeahmS6qJdwpCM0zgJ1maRE85EhmEhmbkVkgCUm2iRWMiG4sy//JY3jinteObs9LVev8jiKsAt7cAAuXEAVbqAGdSCQwhO8wKv1aD1bb9b7tLVg5TPb8AvWxzcT8JTx</latexit>

⇠ 10�3 pc

Typical minicluster mass:
<latexit sha1_base64="2NDpqEv8gwbRxoZSTatanozsonA="></latexit>

Mmc =
4⇡

3
L3
osc⇢DM ⇠ 10�16 M�

After MR, miniclusters merge hierarchically

to form halos with NFW-like profiles [Vaquero+ 2019]

[Hogan & Rees 1988; Kolb & Tkachev 1994]

<latexit sha1_base64="i6XOkJWRYCNrc/lpW8//fqXKw2s=">AAACCnicbVC7TsMwFHV4lvIqMLIYKqQyUBJUXlsFC2OR6ENqQuS4TmvVjiPbQaqiziz8CgsDCLHyBWz8DW6bAVqOZOnonHt1fU4QM6q0bX9bc/MLi0vLuZX86tr6xmZha7uhRCIxqWPBhGwFSBFGI1LXVDPSiiVBPGCkGfSvR37zgUhFRXSnBzHxOOpGNKQYaSP5hT1X9oSfupJDjocleQjdWIpYCyjv06PL48rQLxTtsj0GnCVORoogQ80vfLkdgRNOIo0ZUqrt2LH2UiQ1xYwM826iSIxwH3VJ29AIcaK8dBxlCA+M0oGhkOZFGo7V3xsp4koNeGAmOdI9Ne2NxP+8dqLDCy+lUZxoEuHJoTBh0CQd9QI7VBKs2cAQhCU1f4W4hyTC2rSXNyU405FnSeOk7JyVT28rxepVVkcO7IJ9UAIOOAdVcANqoA4weATP4BW8WU/Wi/VufUxG56xsZwf8gfX5A9sCmbo=</latexit>

⇢mc(r) / r�9/4Density profile from collapse:
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https://doi.org/10.1088/1475-7516/2019/04/012
https://doi.org/10.1016/0370-2693(88)91655-3
https://doi.org/10.1103/PhysRevD.50.769
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AMC mass function

Everything can be recast for different distributions of  or equivalently !(MAMC, δ) (MAMC, ρAMC)

[Eggemeier et al., 1911.09417]

<latexit sha1_base64="bLEQnZZmNTKHevOF4BPBaeLXmtM="></latexit>

dP

d logMAMC
⇠ MAMC

�0.7

[github.com/bradkav/axion-miniclusters]

(Set by the Jeans mass

 for )ma = 20 μeV

[Fairbairn et al., 1707.03310]

Extend down to MAMC ∼ 10−19 M⊙ Extend up to MAMC ∼ 10−5 M⊙

<latexit sha1_base64="pbZ0GIzwiSYrG/hmwuR5Mmn62F8="></latexit>

M0 ⇡ 10�11M�(1 + �)

✓
20µeV

ma

◆1/2

(Growth of hierarchical structure

 to today)

https://arxiv.org/abs/1911.09417
https://github.com/bradkav/axion-miniclusters/
https://arxiv.org/abs/1707.03310
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Milky Way Setup

Caveat: we do not deal with concurrent structure formation, 

              stellar formation & AMC distruption

[McMillan, 1102.4340]

��-� ��� ���

���

���

���

��-�

��-�

��-�

��-�

��-�

��-�

��-�

<latexit sha1_base64="mAjMP8+TI+uSW7ljH62zbx6P+e4=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgaZlNjNncgl48RjExkCxhdjKbDJl9MDMrhCV/4MWDIl79I2/+jZOHoKIFDUVVN91dfiK40hh/WLmV1bX1jfxmYWt7Z3evuH/QVnEqKWvRWMSy4xPFBI9YS3MtWCeRjIS+YHf++HLm390zqXgc3epJwryQDCMecEq0kW7KpF8sYbtac516HWHbOcdlt2YIdirVioscG89RgiWa/eJ7bxDTNGSRpoIo1XVwor2MSM2pYNNCL1UsIXRMhqxraERCprxsfukUnRhlgIJYmoo0mqvfJzISKjUJfdMZEj1Sv72Z+JfXTXXgehmPklSziC4WBalAOkazt9GAS0a1mBhCqOTmVkRHRBKqTTgFE8LXp+h/0i7bTtXG12elxsUyjjwcwTGcggM1aMAVNKEFFAJ4gCd4tsbWo/VivS5ac9Zy5hB+wHr7BK4yjXg=</latexit>

2a

<latexit sha1_base64="BiTDBMIYkXB62QdDpAd1QbMeFrQ=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZlNIom3oBePCZgHJEuYnfQmY2YfzMwKYckXePGgiFc/yZt/42wSQUULGoqqbrq7vFhwpQn5sHJr6xubW/ntws7u3v5B8fCoo6JEMmizSESy51EFgofQ1lwL6MUSaOAJ6HrT68zv3oNUPApv9SwGN6DjkPucUW2klhwWS8Qm1UqNlDGxK06F1KuGEFK5dBzsGJKhhFZoDovvg1HEkgBCzQRVqu+QWLsplZozAfPCIFEQUzalY+gbGtIAlJsuDp3jM6OMsB9JU6HGC/X7REoDpWaBZzoDqifqt5eJf3n9RPt1N+VhnGgI2XKRnwisI5x9jUdcAtNiZghlkptbMZtQSZk22RRMCF+f4v9Jp2w7FzZpVUuNq1UceXSCTtE5clANNdANaqI2YgjQA3pCz9ad9Wi9WK/L1py1mjlGP2C9fQIla40r</latexit>r
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⇢DM(r)
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fAMC ⇡ 100%

hMAMCi ⇡ 10�14 M�

Luca Visinelli

https://arxiv.org/abs/1102.4340
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Monte Carlo procedure

But! Need to know the response of an AMC to stellar perturbations…

Sample interaction properties ( ) and perturb AMCvrel, b

Compute number of stellar interactions:


N = ∫
TMW

0
dt n⋆(t)VAMC(t) ⋅ πb2

max

Generate sample of AMCs (with correct density 
distribution but log-flat mass function)

Collect surviving AMCs and 
reconstruct true propertiesRemove AMC from simulation

Sample orbital parameters ( , ) e ψ

AMC disrupted

AMC not 

disrupted
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Axion miniclusters abundance today

The abundance of miniclusters in galaxies is assessed via Monte Carlo 
simulations of tidal stripping

Kavanagh, Edwards, LV, Weniger, PRD 2020
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See also [Tinyakov+ 1512.02884; Dokuchaev+ 1710.09586]

Axion stars nucleation: Current work with Zi-Wen Yin (SJTU)

https://doi.org/10.1103/PhysRevD.104.063038
https://arxiv.org/abs/1512.02884
https://arxiv.org/abs/1710.09586
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Observational Consequences



42[Hook et al., 1804.03145; Safdi et al., 1811.01020; Edwards et al. 1905.04686; Foster et al., 2004.00011]

[Battye et al., 1910.11907; Leroy et al., 1912.08815]
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⇢c > O(100) ⇢1

Assuming a Goldreich-Julian model for the NS

magnetosphere, emitted radio power:

[Goldreich & Julian (1969)]

Plenty of uncertainties on magnetosphere 
properties, conversion probabilities, anisotropy…

Assume isotropic emission and focus on 
enhancements to  due to AMC encounters.ρc
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f = 4.84GHz

Luca VisinelliAxion-photon conversion in NS magnetospheres

https://arxiv.org/abs/1804.03145
https://arxiv.org/abs/1811.01020
https://arxiv.org/abs/1905.04686
https://arxiv.org/abs/2004.00011
https://arxiv.org/abs/1910.11907
https://arxiv.org/abs/1912.08815
https://ui.adsabs.harvard.edu/abs/1969ApJ...157..869G/abstract
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Axion-photon conversion in NS magnetospheres

Radio observations of neutron stars is a promising avenue to detect axion DM

DM axions fall into neutron stars

convert in the magnetosphere

[Hook+ 2018; Safdi+ 2019]

Axion production in NS cores

+conversion in magnetosphere

[Dessert+ 2021] [Noordhuis+ 2209.09917]

Neutron stars as laboratories for DM searches

Bound obtained using 27

pulsars from ATNF catalog

https://doi.org/10.1103/PhysRevLett.121.241102
https://doi.org/10.1103/PhysRevD.99.123021
https://doi.org/10.1103/PhysRevLett.123.061104
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Axion-photon conversion in NS magnetospheres
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Based on velocity dispersion of AMC, expect an incredibly narrow line.

Instead, fix bandwidth BW = 1 kHz (based on telescope resolution).
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Edwards, Kavanagh, LV, Weniger, PRL 2021

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.131103
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Can we pick up this signal in radio?

2 grant proposals accepted

by the Green Bank Telescope

currently observing Andromeda

Paper in the making

(Walters+ Kavanagh & LV) X-band observation (8-12 GHz)

Expected spectral flux densities (SFDs) from NS-AMC encounters
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Approximate sensitivity assuming a single NS-AMC encounter

PRELIMINARY!!!

Can we pick up this signal in radio?
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Indirect searches for the axion: lensing

Microlensing by point-like or extended DM substructures
Fairbairn+ 1707.03310; Sugiyama+ 2108.03063; Fujikura+ 2109.04283; Croon + 2002.08962

Fairbairn+ 1707.03310

https://arxiv.org/abs/1707.03310
https://arxiv.org/abs/2108.03063
https://arxiv.org/abs/2109.04283
https://arxiv.org/abs/2002.08962
https://arxiv.org/abs/1707.03310
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Indirect searches for the axion: lensing

We have recently revisited microlensing constraints from axion stars
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[Yin, LV 2403.18610]

https://arxiv.org/abs/2403.18610
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Direct searches: Haloscope
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The axion-photon coupling modifies Maxwell’s equations [Sikivie 83; 85]

Recall the effective Lagrangian below QCD:

Courtesy of ADMX collaboration
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2⇡⌫c = ma ±ma/QL

http://10.1103/PhysRevLett.51.1415
http://10.1103/PhysRevD.32.2988
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Direct searches with INFN-LNF FLASH

Cavity search in Frascati (Rome)
FLASH cavity search with


Claudio Gatti’s group (INFN-LNF)

[Alesini+ 2309.00351] (+LV)

Partial overlap with BabyIAXO reaches

when used as a haloscope [2306.17243]

See also the proposal by the RADES collaboration
[Díaz-Morcillo+  2021]

https://arxiv.org/abs/2309.00351
https://arxiv.org/abs/2306.17243
https://doi.org/10.3390/universe8010005
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Searches with helioscopes

For exhaustive lists of experiments see

[Irastorza & Redondo 2018]

Axion production in the Sun

Searched for in CAST and in proposed (Baby)-IAXO

These are relativistic axions, not the DM!
<latexit sha1_base64="I7BEVnTw0+wpfH8y7qfalEp8o6c=">AAACFXicbVA9SwNBEN3zM8avqKXNYhAsJNyJX2XQxjKCiYFcOOY2k7hk9/bY3RPDkT9h41+xsVDEVrDz37iJKdT4YODx3gwz8+JUcGN9/9ObmZ2bX1gsLBWXV1bX1ksbmw2jMs2wzpRQuhmDQcETrFtuBTZTjSBjgddx/3zkX9+iNlwlV3aQYltCL+FdzsA6KSrth0piDyKgoeGSXkV5qCVlSuOQhpCmWt3RsdTHxjAqlf2KPwadJsGElMkEtaj0EXYUyyQmlgkwphX4qW3noC1nAofFMDOYAutDD1uOJiDRtPPxV0O665QO7SrtKrF0rP6cyEEaM5Cx65Rgb8xfbyT+57Uy2z1t5zxJM4sJ+17UzQS1io4ioh2ukVkxcASY5u5Wym5AA7MuyKILIfj78jRpHFSC48rR5WG5ejaJo0C2yQ7ZIwE5IVVyQWqkThi5J4/kmbx4D96T9+q9fbfOeJOZLfIL3vsXJiye1Q==</latexit>

!a ⇠ Tcore ⇡ keV

[Redondo 2013]

Figure from Ben Safdi

https://doi.org/10.1016/j.ppnp.2018.05.003
https://iopscience.iop.org/article/10.1088/1475-7516/2013/05/010
https://doi.org/10.1088/1475-7516/2013/12/008
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XENONnT bound on (                   ) [2207.11330]<latexit sha1_base64="n4ld2Fp31DMHD/oNoYbDn6cRYGM=">AAAB/XicbVDLSgMxFM34rPVVHzs3wSK4scyIr2XRjcsK9gFtKXfSdBqaZIYkI9Rh8FfcuFDErf/hzr8x085CWw9cODnnXnLv8SPOtHHdb2dhcWl5ZbWwVlzf2NzaLu3sNnQYK0LrJOShavmgKWeS1g0znLYiRUH4nDb90U3mNx+o0iyU92Yc0a6AQLIBI2Cs1CvtB70EOgEIASk+wdmLpr1S2a24E+B54uWkjHLUeqWvTj8ksaDSEA5atz03Mt0ElGGE07TYiTWNgIwgoG1LJQiqu8lk+xQfWaWPB6GyJQ2eqL8nEhBaj4VvOwWYoZ71MvE/rx2bwVU3YTKKDZVk+tEg5tiEOIsC95mixPCxJUAUs7tiMgQFxNjAijYEb/bkedI4rXgXlfO7s3L1Oo+jgA7QITpGHrpEVXSLaqiOCHpEz+gVvTlPzovz7nxMWxecfGYP/YHz+QP2xpTs</latexit>ga� � gae

Previous results “XENON1T excess” [2006.09721]

See also Vagnozzi, LV+ [2103.15834]
52

Solar axions scattering with electrons

Paper coming out tomorrow!

With Sunny Vagnozzi

New work in progress:

Scalar field production in the Sun 

https://arxiv.org/abs/2207.11330
https://arxiv.org/abs/2006.09721
https://arxiv.org/abs/2103.15834
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Ciaran O’Hare, AxionLimits: https://cajohare.github.io/AxionLimits/

Summary of axion-photon coupling bounds

Astroph.
bounds

Lab. exp.

Cosmology
bounds

Axion models

https://cajohare.github.io/AxionLimits/


Luca Visinelli

54

10°
12

10°
11

10°
10

10°
9

10°
8

10°
7

10°
6

10°
5

10°
4

10°
3

10°
2

10°
1

100
101

102
103

104
105

106
107

ma [eV]

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

|g
ag

|[
G

eV
°

1 ]

H
al

os
co

pe
s

ADBC

aLIGODANCE

SRF-m 3

WISPLC

DM
Rad

io

QUAX
ADMX

BabyIAXO-RADES
FLASH

DALI
ALPHA

MADMAX
ORGAN

CADEx
BRASS

BR
EA

D LA
M

PO
ST

W
IS

PF
IIAXO

MWD X-rays

M
U

SE V
IM

O
S

g

XMM-Newton

INTEGRAL
NuSTAR

Leo
T

THESEUS

Neutron stars

10°
12

10°
11

10°
10

10°
9

10°
8

10°
7

10°
6

10°
5

10°
4

10°
3

10°
2

10°
1

100
101

102
103

104
105

106
107

ma [eV]

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

|g
ag

g
|[

G
eV

°
1 ]

KSVZ

DFSZ

A
D

M
X

O
R

G
A

N

R
B

F+U
F

C
A

PP

Q
U

A
XB
A

SE

A
D

M
X

SLIC

MWD X-rays

MWD
Polarisation

M
U

SE V
IM

O
S

g

XMM-Newton

INTEGRAL
NuSTAR

Leo
T

Neutron stars

Ciaran O’Hare, AxionLimits: https://cajohare.github.io/AxionLimits/

Summary of axion-photon coupling bounds
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Summary

• Lasting days to years

• Within reach of current & future searches

• Expect O(1) bright event on the sky at all 

times

• Concentrated towards the Galactic 

Centre

AMC-NS radio transients Missing ingredients

• Concurrent structure formation & 
disruption


• Realistic input to Monte Carlo simulations 
(e.g. density profiles, )


• Understanding axion star formation at the 
low-mass end

P(M, δ)

Thank you!
Please re-cast the results and re-use the code!

2011.05377, 2011.05378

github.com/bradkav/axion-miniclusters 

Luca Visinelli

https://arxiv.org/abs/2011.05377
https://arxiv.org/abs/2011.05378
https://github.com/bradkav/axion-miniclusters

