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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

<latexit sha1_base64="c352GJLWjiuglVWk7sIl4Z4z0Rk=">AAACEHicbZDJSgNBEIZ73I1b1KOXxiAqaJgRt4sQ9OJFiGBUyIRQ06kkjT0L3TVCGPIIXnwVLx4U8erRm29jJ87B7YeGj7+qqK4/SJQ05Lofzsjo2PjE5NR0YWZ2bn6huLh0aeJUC6yJWMX6OgCDSkZYI0kKrxONEAYKr4Kbk0H96ha1kXF0Qb0EGyF0ItmWAshazeK6H4D2qYsE/IjnsM0zX4ccdMffaiH1N842m8WSW3aH4n/By6HEclWbxXe/FYs0xIiEAmPqnptQIwNNUijsF/zUYALiBjpYtxhBiKaRDQ/q8zXrtHg71vZFxIfu94kMQmN6YWA7Q6Cu+V0bmP/V6im1DxuZjJKUMBJfi9qp4hTzQTq8JTUKUj0LILS0f+WiCxoE2QwLNgTv98l/4XKn7O2X9853S5XjPI4ptsJW2Qbz2AGrsFNWZTUm2B17YE/s2bl3Hp0X5/WrdcTJZ5bZDzlvn1+Ym4o=</latexit>

✓̄ = ✓ � arg det(M)
<latexit sha1_base64="RnyzIg4Iy64zhhoBANN9EcBOI5Y=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmY2Z1lplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo1hwZXUul2wAxIEUMDBUpoJxpYFEhoBaPbqd96Am2Eih9wnIAfsUEsQsEZWqnZxSEg65UrbtWdgS4TLycVkqPeK391+4qnEcTIJTOm47kJ+hnTKLiESambGkgYH7EBdCyNWQTGz2bXTuiJVfo0VNpWjHSm/p7IWGTMOApsZ8RwaBa9qfif10kxvPYzEScpQszni8JUUlR0+jrtCw0c5dgSxrWwt1I+ZJpxtAGVbAje4svLpHlW9S6rF/fnldpNHkeRHJFjcko8ckVq5I7USYNw8kieySt5c5Tz4rw7H/PWgpPPHJI/cD5/AKc3jzI=</latexit>

✓

ma . 10�2 eV

<latexit sha1_base64="f/NK+WxnpQLk/dLNnhwR7PYuU3Y=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PAi94imAdml9A7mSRDZmeXmV4hLPkLLx4U8erfePNvnCR70MSChqKqm+6uMJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HYLhUijeQIGStxPNIQolb4Wjm6nfeuLaiFg94DjhQQQDJfqCAVrp0Q9B+zjkCN1yxa26M9Bl4uWkQnLUu+UvvxezNOIKmQRjOp6bYJCBRsEkn5T81PAE2AgGvGOpgoibIJtdPKEnVunRfqxtKaQz9fdEBpEx4yi0nRHg0Cx6U/E/r5Ni/zrIhEpS5IrNF/VTSTGm0/dpT2jOUI4tAaaFvZWyIWhgaEMq2RC8xZeXSfOs6l1WL+7PK7W7PI4iOSLH5JR45IrUyC2pkwZhRJFn8kreHOO8OO/Ox7y14OQzh+QPnM8fqKaQ8g==</latexit>

✓̄

: Strong force coupling<latexit sha1_base64="BcL+ca5IBeyc3Vvt2VUsG6O4oE0=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEnons8mQ2dl1ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1gpGt1O/9cSU5rF8MOOE+REOJA85RWOldhdFMsSe7pUrbtWdgSwTLycVyFHvlb+6/ZimEZOGCtS647mJ8TNUhlPBJqVuqlmCdIQD1rFUYsS0n83unZATq/RJGCtb0pCZ+nsiw0jrcRTYzgjNUC96U/E/r5Oa8NrPuExSwySdLwpTQUxMps+TPleMGjG2BKni9lZCh6iQGhtRyYbgLb68TJpnVe+yenF/Xqnd5HEU4QiO4RQ8uIIa3EEdGkBBwDO8wpvz6Lw4787HvLXg5DOH8AfO5w8cKJAI</latexit>↵s
<latexit sha1_base64="OcjKdDX5VB4DfVLPuCFZKjtCgGw=">AAAB83icbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx60GMEs0BmDD2dTtKku2foRQhDfsOLB0W8+jPe/Bs7yRw0+qDg8V4VVfXilDNtfP/LKywtr6yuFddLG5tb2zvl3b2mTqwitEESnqh2jDXlTNKGYYbTdqooFjGnrXh0PfVbj1Rplsh7M05pJPBAsj4j2DgpvOlmobChtJMH3C1X/Ko/A/pLgpxUIEe9W/4MewmxgkpDONa6E/ipiTKsDCOcTkqh1TTFZIQHtOOoxILqKJvdPEFHTumhfqJcSYNm6s+JDAutxyJ2nQKboV70puJ/Xsea/mWUMZlaQyWZL+pbjkyCpgGgHlOUGD52BBPF3K2IDLHCxLiYSi6EYPHlv6R5Ug3Oq2d3p5XaVR5HEQ7gEI4hgAuowS3UoQEEUniCF3j1rPfsvXnv89aCl8/swy94H98+rJHW</latexit>

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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[Abel+ 2020]
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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 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+ 2020 (+LV)]

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://doi.org/10.1016/j.physrep.2020.06.002
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The QCD Axion: foundations

<latexit sha1_base64="06KllZtfW/5H+i4LNPqTCl2ehI8="></latexit>

L � 1

2
@µ�@

µ�� V (�) +
1

4
ga���F̃µ⌫F

µ⌫ + ce
@µ�

2fa
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Effective Lagrangian below QCD, e.g. [Georgi+ 1986]:

<latexit sha1_base64="L1HLW2sL4Vlxw5vb7UK6RrsDtCM=">AAAB+nicbVDLSsNAFL2pr1pfqS7dBIvgqiTia1lwo7sK9gFtCJPpJB06MwkzE6XEfoobF4q49Uvc+TdO2yy09cC9HM65l7lzwpRRpV332yqtrK6tb5Q3K1vbO7t7dnW/rZJMYtLCCUtkN0SKMCpIS1PNSDeVBPGQkU44up76nQciFU3EvR6nxOcoFjSiGGkjBXY1DnLUjxHnRZ8Eds2tuzM4y8QrSA0KNAP7qz9IcMaJ0JghpXqem2o/R1JTzMik0s8USREeoZj0DBWIE+Xns9MnzrFRBk6USFNCOzP190aOuFJjHppJjvRQLXpT8T+vl+noys+pSDNNBJ4/FGXM0YkzzcEZUEmwZmNDEJbU3OrgIZIIa5NWxYTgLX55mbRP695F/fzurNa4LeIowyEcwQl4cAkNuIEmtADDIzzDK7xZT9aL9W59zEdLVrFzAH9gff4AmtKUQw==</latexit>ga��
<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�
f

f

<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�

<latexit sha1_base64="E1sbemi6FiAI0XqaTzrkZDui+Ys="></latexit>

ga�� =
↵EM

2⇡fa

✓
E

N
� 2

3

4 + z

1 + z

◆
The coupling depends on color & EM anomalies     :
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Cosmology of the axion

Large occupation number:
<latexit sha1_base64="4NR2SAxQlPPzRnzDVbTG21fWtME="></latexit>
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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
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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 1: The PQ symmetry broke during inflation

Leads to axion isocurvature perturbations
<latexit sha1_base64="OfJKzfFO9WuB6EnnuIyeBV1hVbs="></latexit>

�⇢
iso
a ⇠ m

2
afa✓i

HI

2⇡

<latexit sha1_base64="A+rFwKocgPRcTs6hYp6Doxv5McY=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiTF10Youqm7CvYBTQiTyaQdOpmEmYlQQlZu/BU3LhRx6ze482+ctllo64ELh3Pu5d57/IRRqSzr2ygtLa+srpXXKxubW9s75u5eR8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+6Gbidx+IkDTm92qcEDdCA05DipHSkmceOgFhCjnJkMIr6IQC4azp3eZZ3Ulo7plVq2ZNAReJXZAqKNDyzC8niHEaEa4wQ1L2bStRboaEopiRvOKkkiQIj9CA9DXlKCLSzaZv5PBYKwEMY6GLKzhVf09kKJJyHPm6M0JqKOe9ifif109VeOlmlCepIhzPFoUpgyqGk0xgQAXBio01QVhQfSvEQ6SjUDq5ig7Bnn95kXTqNfu8dnZ3Wm1cF3GUwQE4AifABhegAZqgBdoAg0fwDF7Bm/FkvBjvxsestWQUM/vgD4zPH5hCmJY=</latexit>

�� =
HI

2⇡

<latexit sha1_base64="BcTYfaB/njyulvCpEUx/JgHr95U="></latexit>

HI . 2⇥ 109 GeV

✓
fa

1016 GeV

◆0.45

Detection of a larger scale of inflation

would disprove this scenario
e.g. [Gondolo & LV, PRL 2014]

Quantum fluctuations during inflation
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��� ��� ��� ��� ���� ���� ���� ����
���
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����

��-����-����-����-�� ��-� ��-� ���

���

���

���

��-�

��-�

��-�CMB isocurvature bounds yield:

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.011802
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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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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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Axion miniclusters (scenario 2)

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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<latexit sha1_base64="9BLSbhAEuStR309S6pIflTE4+BM=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GjLa2rqrduNGqGIfMB1KJk3b0GRmSDJCGfoZblwo4tavceffmE5HUNEDFw7n3Mu99/gRZ0oj9GHllpZXVtfy64WNza3tneLuXluFsSS0RUIeyq6PFeUsoC3NNKfdSFIsfE47/qQx9zv3VCoWBnd6GlFP4FHAhoxgbST3tp/0pIAX141Zv1hC9uk5QhUEkY1SpOSsWjuFTqaUQIZmv/jeG4QkFjTQhGOlXAdF2kuw1IxwOiv0YkUjTCZ4RF1DAyyo8pL05Bk8MsoADkNpKtAwVb9PJFgoNRW+6RRYj9Vvby7+5bmxHta8hAVRrGlAFouGMYc6hPP/4YBJSjSfGoKJZOZWSMZYYqJNSgUTwten8H/SPrGdsl25KZfql1kceXAADsExcEAV1MEVaIIWICAED+AJPFvaerRerNdFa87KZvbBD1hvn8JVkO4=</latexit>

b

<latexit sha1_base64="F86MsJSdBp4PIjYXi3g7wi+Fpi8=">AAAB6HicbVBNT8JAEN3iF+IX6tHLRmLiqWkRUrwRvXiERD4SaMh2GWBlu212tyak4Rd48aAxXv1J3vw3LtCDoi+Z5OW9mczMC2LOlHacLyu3sbm1vZPfLeztHxweFY9P2ipKJIUWjXgkuwFRwJmAlmaaQzeWQMKAQyeY3i78ziNIxSJxr2cx+CEZCzZilGgjNYNBseTYTtmrXXnYscvOdc2rGuIsgd2MlFCGxqD42R9GNAlBaMqJUj3XibWfEqkZ5TAv9BMFMaFTMoaeoYKEoPx0eegcXxhliEeRNCU0Xqo/J1ISKjULA9MZEj1R695C/M/rJXpU81Mm4kSDoKtFo4RjHeHF13jIJFDNZ4YQKpm5FdMJkYRqk03BhOCuv/yXtMu2W7GrzUqpfpPFkUdn6BxdIhd5qI7uUAO1EEWAntALerUerGfrzXpfteasbOYU/YL18Q0cR40o</latexit>

r

<latexit sha1_base64="KuK9Bea9xYmC3bSUbxve9mVpjkI=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4CjNZ1GPQi8cEzALJEHo6NUlrz0J3jxCGfIEXD4p49ZO8+Td2khFU9EHB470qqup5seBK2/aHlVtZXVvfyG8WtrZ3dveK+wcdFSWSYZtFIpI9jyoUPMS25lpgL5ZIA09g17u7mvvde5SKR+GNnsboBnQccp8zqo3UksNiyS7bZ9VqxSaGLGBIzak7TpU4mVKCDM1h8X0wilgSYKiZoEr1HTvWbkql5kzgrDBIFMaU3dEx9g0NaYDKTReHzsiJUUbEj6SpUJOF+n0ipYFS08AznQHVE/Xbm4t/ef1E+xduysM40Riy5SI/EURHZP41GXGJTIupIZRJbm4lbEIlZdpkUzAhfH1K/iedStmpleutWqlxmcWRhyM4hlNw4BwacA1NaAMDhAd4gmfr1nq0XqzXZWvOymYO4Qest08Jwo0b</latexit>

V

<latexit sha1_base64="pfzaLRa2n0XI2AG73t0H3+ajtrM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrtfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftUmM4g==</latexit>

See also [Tinyakov+ 1512.02884; Dokuchaev+ 1710.09586]

Axion stars: see talks by Malcolm Fairbairn & Lars Sivertsen and LV+ 1710.08910

https://doi.org/10.1103/PhysRevD.104.063038
https://arxiv.org/abs/1512.02884
https://arxiv.org/abs/1710.09586
https://arxiv.org/abs/1710.08910
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Axion-photon conversion in NS magnetospheres

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

See talk by Dion Noordhuis

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 laboratory for DM searches, see talk by Sandra Robles

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

<latexit sha1_base64="aTG/eB8BrP/Jh6v+EGk5E4gZvSM=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4Wna1rXorevFYwX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2baCij4YeLw3w8y8MOFMG8/7cJaWV1bX1gsbxc2t7Z3d0t5+S8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfJ377XuqNIvlnZkkNBB4KFnECDa51EtGrF8qe+5ljjM0J7WceBXf86vId70ZyrBAo1967w1ikgoqDeFY667vJSbIsDKMcDot9lJNE0zGeEi7lkosqA6y2a1TdGyVAYpiZUsaNFO/T2RYaD0Roe0U2Iz0by8X//K6qYkugozJJDVUkvmiKOXIxCh/HA2YosTwiSWYKGZvRWSEFSbGxlO0IXx9iv4nrVPXr7nV20q5frWIowCHcAQn4MM51OEGGtAEAiN4gCd4doTz6Lw4r/PWJWcxcwA/4Lx9Aq60jrE=</latexit>

�
<latexit sha1_base64="aTG/eB8BrP/Jh6v+EGk5E4gZvSM=">AAAB63icdVBNSwMxEJ31s9avqkcvwSJ4Wna1rXorevFYwX5Au5Rsmm1Dk+ySZIWy9C948aCIV/+QN/+N2baCij4YeLw3w8y8MOFMG8/7cJaWV1bX1gsbxc2t7Z3d0t5+S8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfJ377XuqNIvlnZkkNBB4KFnECDa51EtGrF8qe+5ljjM0J7WceBXf86vId70ZyrBAo1967w1ikgoqDeFY667vJSbIsDKMcDot9lJNE0zGeEi7lkosqA6y2a1TdGyVAYpiZUsaNFO/T2RYaD0Roe0U2Iz0by8X//K6qYkugozJJDVUkvmiKOXIxCh/HA2YosTwiSWYKGZvRWSEFSbGxlO0IXx9iv4nrVPXr7nV20q5frWIowCHcAQn4MM51OEGGtAEAiN4gCd4doTz6Lw4r/PWJWcxcwA/4Lx9Aq60jrE=</latexit>

�

<latexit sha1_base64="qxHGiEgtCvIHDyFq5PVwgsOX074=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN7gALgXvlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNrp2gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR11GeaEsvHjmCimbsVkSHWmFgXUMmFECy+vEyaZ9Xgsnpxf16p3eRxFOEIjuEUAriCGtxBHRpA4BGe4RXePOW9eO/ex7y14OUzh/AH3ucPiiuPHw==</latexit>�

Can we pick up this signal in radio?
Edwards, Kavanagh, LV, Weniger, PRL 2021

+ 2 grant proposals accepted by the Green 
Bank Telescope, currently observing
Paper in the making (Walters+ Kavanagh & LV)

101 103 105 107 109

Signal duration Tenc [s]

10°9

10°6

10°3

100

103

106

M
ea

n
flu

x
de

ns
it
y

hS
i[

µ
Jy

]

VLA

SKA1-mid
SKA2

Power-law

101 103 105 107 109

Signal duration Tenc [s]

VLA

SKA1-mid
SKA2

NFW

10°10

10°5

1

105

M
ea

n
A

M
C

de
ns

it
y

[M
Ø

p
c°

3 ]

<latexit sha1_base64="iklIUSDHGJwCLmJR22fuWxEhfY4="></latexit>

S =
1

BW

1

4⇡s2
dPa

d⌦

Code: github.com/bradkav/axion-miniclusters 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.131103
https://github.com/bradkav/axion-miniclusters
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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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Direct searches: Haloscope

<latexit sha1_base64="06KllZtfW/5H+i4LNPqTCl2ehI8="></latexit>

L � 1

2
@µ�@

µ�� V (�) +
1

4
ga���F̃µ⌫F

µ⌫ + ce
@µ�

2fa
ē�µ�5e+ cN

@µ�

2fa
N̄�µ�5N

The axion-photon coupling modifies Maxwell’s equations [Sikivie 83; 85]

Recall the effective Lagrangian below QCD:

Courtesy of ADMX collaboration

<latexit sha1_base64="w//A9l3A9lBFezY4kxJyygnMDJk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiwcPCZoHJEuYnXSSIbOzy8ysEJZ8ghcPinj1i7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6HbqN59QaR7JRzOO0Q/pQPI+Z9RY6aHWve8WS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/OTp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6N+lxhcyIsSWUKW5vJWxIFWXGplOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+APxjjZ4=</latexit>

QL

<latexit sha1_base64="Bf1VVEH9eNUI03g++rNyi6FsGzY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2OIF48RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFKr53EU4QiO4RQ8uIIa3EIDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xu7GY1z</latexit>

B0

<latexit sha1_base64="gOSrysxRhc4KZFy1ypoHpUpnPAY="></latexit>

Psig = (g2a��na)⇥
�
QLB

2
0V Cnml

�

Quality factor

Magnetic field

<latexit sha1_base64="wW/FYuM+uQPEIsfDWGUcEmwyeqw=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVm71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHtfGM5A==</latexit>

V
<latexit sha1_base64="JSrVgSFEQv8rqCKfnXvQrir5GUk=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2WxG5cV7APaoWTSTBuaZEKSEcrQj3DjQhG3fo87/8a0nYW2HrhwOOde7r0nUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61TJJqQpsk4YnuRNhQziRtWmY57ShNsYg4bUfj+sxvP1FtWCIf7UTRUOChZDEj2DqpXe9nUvBpv1zxq/4caJUEOalAjka//NUbJCQVVFrCsTHdwFc2zLC2jHA6LfVSQxUmYzykXUclFtSE2fzcKTpzygDFiXYlLZqrvycyLIyZiMh1CmxHZtmbif953dTGt2HGpEotlWSxKE45sgma/Y4GTFNi+cQRTDRztyIywhoT6xIquRCC5ZdXSeuiGlxXrx4uK7W7PI4inMApnEMAN1CDe2hAEwiM4Rle4c1T3ov37n0sWgtePnMMf+B9/gB2R4+r</latexit>

Cnml

Cavity volume

Geometric factor

Significant enhancement when
<latexit sha1_base64="BQ4q9yDnepDNuE1aplh4MF6y/XU=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYSlLxWpAqWBgYWok+pCaKHNdprdpOZDtIVdWBhV9hYQAhVj6Cjb/BaTNAy5Gu7tE598q+J0wYVdpxvq2l5ZXVtfXCRnFza3tn197bb6k4lZg0ccxi2QmRIowK0tRUM9JJJEE8ZKQdDm8yv/1ApKKxuNejhPgc9QWNKEbaSIFdqnoJhZ5IAwyvIA+Ql/CsnTSCu8AuOxVnCrhI3JyUQY56YH95vRinnAiNGVKq6zqJ9sdIaooZmRS9VJEE4SHqk66hAnGi/PH0iAk8MkoPRrE0JTScqr83xogrNeKhmeRID9S8l4n/ed1UR5f+mIok1UTg2UNRyqCOYZYI7FFJsGYjQxCW1PwV4gGSCGuTW9GE4M6fvEha1Yp7XjlrnJZr13kcBVACh+AYuOAC1MAtqIMmwOARPINX8GY9WS/Wu/UxG12y8p0D8AfW5w9bJ5am</latexit>

2⇡⌫c = ma ±ma/QL

http://10.1103/PhysRevLett.51.1415
http://10.1103/PhysRevD.32.2988
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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+ [2103.15834] (+LV)
19

Solar axions scattering with electrons

2207.11330

<latexit sha1_base64="jmnpA7/TGrmjc1gJcdkd77hnIBs=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAjvo5BLx4jmAcka5idzCZDZmfXmVkhLPsTXjwo4tXf8ebfOEn2oIkFDUVVN91dfiy4Nq777RSWlldW14rrpY3Nre2d8u5eU0eJoqxBIxGptk80E1yyhuFGsHasGAl9wVr+6Gbit56Y0jyS92YcMy8kA8kDTomxUhu7D+kJxlmvXHGr7hRokeCcVCBHvVf+6vYjmoRMGiqI1h3sxsZLiTKcCpaVuolmMaEjMmAdSyUJmfbS6b0ZOrJKHwWRsiUNmqq/J1ISaj0OfdsZEjPU895E/M/rJCa48lIu48QwSWeLgkQgE6HJ86jPFaNGjC0hVHF7K6JDogg1NqKSDQHPv7xImqdVfFE9vzur1K7zOIpwAIdwDBguoQa3UIcGUBDwDK/w5jw6L8678zFrLTj5zD78gfP5A6+mjxo=</latexit>

10�11

See talk by Cecilia Ferrari (XENONnT)

See talk by Pierluca Carenza (Stellar & SN bounds)

LZ searches: 2307.15753

https://arxiv.org/abs/2207.11330
https://arxiv.org/abs/2006.09721
https://arxiv.org/abs/2103.15834
https://arxiv.org/abs/2307.15753
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Ciaran O’Hare, AxionLimits: https://cajohare.github.io/AxionLimits/

Summary of axion-photon coupling bounds

Slide by Pierluca Carenza

Astroph.
bounds

Lab. exp.

Cosmology
bounds

Axion models

https://cajohare.github.io/AxionLimits/
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Summary of axion-photon coupling bounds

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

Includes M. Zantedeschi 

(Postdoc at TDLI)

Partial overlap with BabyIAXO reaches

when used as a haloscope [2306.17243]

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

See the talk by Bradley Kavanagh

for the CADEx proposal a higher masses

https://arxiv.org/abs/2309.00351
https://arxiv.org/abs/2306.17243
https://doi.org/10.3390/universe8010005
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Conclusions and further read

My review on Physics Reports: 2003.01100

P. Sikivie, “Invisible axion search methods” (2021)

DJE Marsh, “Axion Cosmology” (2015)

https://sites.google.com/view/axionworkshop

Oct. 16-18 2023

Online workshop on axions (~2.5 hours per day)

Mostly PhD students with novel contributions

+ one senior per day

(DJE Marsh, J. Redondo, F. Takahashi)

Irastorza & Redondo 2018

Thanks to all my collaborators

and to the audience!

https://arxiv.org/abs/2003.01100
https://doi.org/10.1103/RevModPhys.93.015004
http://doi.org/10.1016/j.physrep.2016.06.005
https://sites.google.com/view/axionworkshop
https://doi.org/10.1016/j.ppnp.2018.05.003

