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There is extraordinary evidence for the existence of a new non-
baryonic cold component of matter — DARK MATTER:


• All evidences are inferred through gravity.

• We don’t know what DM is made of and its mass



DM LANDSCAPE

Need some guidance!



QCD AXION
Strong CP Problem: ✓
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<latexit sha1_base64="OthTm4Q7hLJ9ZrR4MLHYdkkNrdw="></latexit>

[Peccei-Quinn ’77
Weinberg-Wilczek ’78]

QCD dynamics aligns the vacuum to preserve CP:

<latexit sha1_base64="lKFZKwf6L7VaU/Ihq5MwRY+Yd2k=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBBiE3ZFooVFwMYygnlANoS7k9lkyOyDmbtiWFLY+Cs2ForY+hF2/o2TR6GJBwYO59zLnXP8RAqNjvNtrayurW9s5rby2zu7e/v2wWFDx6livM5iGauWD5pLEfE6CpS8lSgOoS950x9eT/zmPVdaxNEdjhLeCaEfiUAwQCN17YKHA45APYypFyhgGZQeTsdZ0IVx1y46ZWcKukzcOSmSOWpd+8vrxSwNeYRMgtZt10mwk4FCwSQf571U8wTYEPq8bWgEIdedbBpiTE+M0qNBrMyLkE7V3xsZhFqPQt9MhoADvehNxP+8dorBZScTUZIij9jsUJBKahJPGqE9oThDOTIEmBLmr5QNwFSBpre8KcFdjLxMGmdlt1Ku3J4Xq1fzOnKkQI5JibjkglTJDamROmHkkTyTV/JmPVkv1rv1MRtdseY7R+QPrM8fVoGX5w==</latexit>
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<latexit sha1_base64="v/okgX+biIDhh2JOvFQsj0V/CyA=">AAAB8XicbVA9SwNBEN2LXzF+RS1tFoNgEcKdBLWwCNhYRjAfmDvC3GbvsmR379jdE0LIv7CxUMTWf2Pnv3GTXKGJDwYe780wMy9MOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrrJFOEtkjCE9UNQVPOJG0ZZjjtpoqCCDnthKPbmd95okqzRD6YcUoDAbFkESNgrPQY+9WqH4MQ0C9X3Jo7B14lXk4qKEezX/7yBwnJBJWGcNC657mpCSagDCOcTkt+pmkKZAQx7VkqQVAdTOYXT/GZVQY4SpQtafBc/T0xAaH1WIS2U4AZ6mVvJv7n9TITXQcTJtPMUEkWi6KMY5Pg2ft4wBQlho8tAaKYvRWTISggxoZUsiF4yy+vkvZFzbus1e/rlcZNHkcRnaBTdI48dIUa6A41UQsRJNEzekVvjnZenHfnY9FacPKZY/QHzucP0ZSQWw==</latexit>g , �

<latexit sha1_base64="v/okgX+biIDhh2JOvFQsj0V/CyA=">AAAB8XicbVA9SwNBEN2LXzF+RS1tFoNgEcKdBLWwCNhYRjAfmDvC3GbvsmR379jdE0LIv7CxUMTWf2Pnv3GTXKGJDwYe780wMy9MOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrrJFOEtkjCE9UNQVPOJG0ZZjjtpoqCCDnthKPbmd95okqzRD6YcUoDAbFkESNgrPQY+9WqH4MQ0C9X3Jo7B14lXk4qKEezX/7yBwnJBJWGcNC657mpCSagDCOcTkt+pmkKZAQx7VkqQVAdTOYXT/GZVQY4SpQtafBc/T0xAaH1WIS2U4AZ6mVvJv7n9TITXQcTJtPMUEkWi6KMY5Pg2ft4wBQlho8tAaKYvRWTISggxoZUsiF4yy+vkvZFzbus1e/rlcZNHkcRnaBTdI48dIUa6A41UQsRJNEzekVvjnZenHfnY9FacPKZY/QHzucP0ZSQWw==</latexit>g , �

<latexit sha1_base64="qHEw3xhM8z28d0SxUhx5uUZSQTA=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxrcz/+EJleaxvDeTBP2IDiUPOaPGSk3aL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpH1R9S6rtWatUr/J4yjCCZzCOXhwBXW4gwa0gAHCM7zCm/PovDjvzseiteDkM8fwB87nD8R9jOg=</latexit>a

<latexit sha1_base64="AUnT5d+63rBltkRAedKkIIazrqk="></latexit>

ma = 5.7⇥ 10�6 eV
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◆
[Grilli di Cortona et al. ’15]

The QCD axion is the Nambu-Goldstone boson of a U(1) global 
symmetry (Peccei-Quinn) broken only by QCD anomalies

<latexit sha1_base64="kogx0j5OFcnB+s+7unOri1t5G+o="></latexit>
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Couplings to SM fields are predicted:

<latexit sha1_base64="glmRbXgs0yph5sAgMJOyk6tx5aE="></latexit>
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If axion is DM it will be likely found!

Experiments:



Axions are excellent DM candidate for  ( )

They are naturally produced through misalignment mechanism.

fa & 108 GeV ma . 10�2 eV

Axion condensate starts to oscillate around minimum. 

Coherent oscillations behave as cold DM.

For the axion the potential is temperature dependent and 
oscillations begin at .T ⇠ GeV

Axion DM depends on the dynamics during inflation. 

<latexit sha1_base64="yI4jPz1AckZ6altLMahZ+AFR9ec=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUEFKIlJduCi46bJCX9CEMJlO2qEzkzAzEUroxl9x40IRt36GO//GaZuFth64cDjnXu69J0wYVdpxvq3C2vrG5lZxu7Szu7d/YB8edVScSkzaOGax7IVIEUYFaWuqGeklkiAeMtINx/czv/tIpKKxaOlJQnyOhoJGFCNtpMA+8cKUMaKhd9mAnqIc8gBVWheBXXaqzhxwlbg5KYMczcD+8gYxTjkRGjOkVN91Eu1nSGqKGZmWvFSRBOExGpK+oQJxovxs/sAUnhtlAKNYmhIaztXfExniSk14aDo50iO17M3E/7x+qqNbP6MiSTUReLEoShnUMZylAQdUEqzZxBCEJTW3QjxCEmFtMiuZENzll1dJ56rq1qq1h+ty/S6PowhOwRmoABfcgDpogCZoAwym4Bm8gjfryXqx3q2PRWvBymeOwR9Ynz+gUpUh</latexit>

•H ⇠ ma(T )



A phase of accelerated expansion — inflation — appears necessary 
to explain the initial conditions of our universe.

• Classically inflation makes the universe flat and 
homogeneous by exponentially stretching space. 

Inflation:

• Small quantum fluctuations generate the seeds of 
structures in the universe.

<latexit sha1_base64="Hy46vEkMNDPB85CW7MmIXe3cQWs=">AAACAnicbVDJSgNBEO2JW4xb1JN4aQxCvIQZcTsGvcRbBLNAEoeaTidp0rPQXSOGIXjxV7x4UMSrX+HNv7GzHDTxQcHjvSqq6nmRFBpt+9tKLSwuLa+kVzNr6xubW9ntnaoOY8V4hYUyVHUPNJci4BUUKHk9Uhx8T/Ka178a+bV7rrQIg1scRLzlQzcQHcEAjeRm9yCPR02IIhU+UHAF5XdJyb2mOHSzObtgj0HniTMlOTJF2c1+Ndshi30eIJOgdcOxI2wloFAwyYeZZqx5BKwPXd4wNACf61YyfmFID43Spp1QmQqQjtXfEwn4Wg98z3T6gD09643E/7xGjJ2LViKCKEYesMmiTiwphnSUB20LxRnKgSHAlDC3UtYDBQxNahkTgjP78jypHhecs8LpzUmueDmNI032yQHJE4eckyIpkTKpEEYeyTN5JW/Wk/VivVsfk9aUNZ3ZJX9gff4A1o6Wcw==</latexit>

a(t) ⇡ aie
HIt <latexit sha1_base64="+Ogly0089gssDoOIQbTyFafozhw=">AAAB8nicbVA9SwNBEN3zM8avqKXNYhCswp1ItLAI2KSSCOYDLkfY2+wlS/Z2z925QDjyM2wsFLH119j5b9wkV2jig4HHezPMzAsTwQ247reztr6xubVd2Cnu7u0fHJaOjltGpZqyJlVC6U5IDBNcsiZwEKyTaEbiULB2OLqb+e0x04Yr+QiThAUxGUgecUrASv59lz2lfIzrGHqlsltx58CrxMtJGeVo9Epf3b6iacwkUEGM8T03gSAjGjgVbFrspoYlhI7IgPmWShIzE2Tzk6f43Cp9HCltSwKeq78nMhIbM4lD2xkTGJplbyb+5/kpRDdBxmWSApN0sShKBQaFZ//jPteMgphYQqjm9lZMh0QTCjalog3BW355lbQuK161Un24Ktdu8zgK6BSdoQvkoWtUQ3XUQE1EkULP6BW9OeC8OO/Ox6J1zclnTtAfOJ8/f0KQvQ==</latexit>

N ⌘ Ht



PQ symmetry is initially restored. 

String network forms.  scans over all values so that abundance 
is in principle predicted. Constrained by domain walls.

✓

PQ symmetry always broken. 

Misalignment is constant over the visible universe.

<latexit sha1_base64="Ej53qzPAPuc5zR5N30LEtI7iNcc=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgQkoiRV10UXBTF0KFviANYTKdtENnkjAzEUvo3o2/4saFIm79AXf+jdM2iLYeuHA4517uvcePGZXKsr6M3Mrq2vpGfrOwtb2zu2fuH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek44+upn7njghJo7CpxjFxORqENKAYKS15ZjHwEKzCtCc4vEH3E+jUvetT2PR+FNczS1bZmgEuEzsjJZCh4ZmfvX6EE05ChRmS0rGtWLkpEopiRiaFXiJJjPAIDYijaYg4kW46+2UCj7XSh0EkdIUKztTfEyniUo65rzs5UkO56E3F/zwnUcGlm9IwThQJ8XxRkDCoIjgNBvapIFixsSYIC6pvhXiIBMJKx1fQIdiLLy+T9lnZPi9XbiulWjWLIw+OQBGcABtcgBqogwZoAQwewBN4Aa/Go/FsvBnv89ackc0cgj8wPr4BXYWZXQ==</latexit>

fa < Max[HI , TMax]

<latexit sha1_base64="cLnnw2fXYzdeZHo9p2RpTq6+H8g=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgQkoiRV2IFNzUhVChL0hDmEwn7dDJJMxMxBK6d+OvuHGhiFt/wJ1/47QNoq0HLhzOuZd77/FjRqWyrC8jt7S8srqWXy9sbG5t75i7ey0ZJQKTJo5YJDo+koRRTpqKKkY6sSAo9Blp+8Orid++I0LSiDfUKCZuiPqcBhQjpSXPLAYegpcw7YoQ3qD7MXRq3vUxbHg/iuuZJatsTQEXiZ2REshQ98zPbi/CSUi4wgxJ6dhWrNwUCUUxI+NCN5EkRniI+sTRlKOQSDed/jKGh1rpwSASuriCU/X3RIpCKUehrztDpAZy3puI/3lOooJzN6U8ThTheLYoSBhUEZwEA3tUEKzYSBOEBdW3QjxAAmGl4yvoEOz5lxdJ66Rsn5Yrt5VS9SKLIw8OQBEcARucgSqogTpoAgwewBN4Aa/Go/FsvBnvs9ackc3sgz8wPr4BYMeZXw==</latexit>

fa > Max[HI , TMax]

Axions DM:

• Pre-inflationary

• Post-inflationary

<latexit sha1_base64="SmZDLw+7PLYcE8eP4BHPLlFp8TM="></latexit>
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Quantum fluctuations of the axion generate isocurvature.



[Grilli Di Cortona et. al.’15]

Abundance:



PQ symmetry is broken after  e-foldings of visible inflation.NPQ

<latexit sha1_base64="uUV9HDf+UQY7ERsqtBtqxiDUlUQ=">AAAB+HicbVC7TsMwFL3hWcqjAUYWiwqpDFRJB2CsYOlYJPqQ0lA5rtNadZzIdpBK1C9hYQAhVj6Fjb/BbTNAy5GudHTOvfa9J0g4U9pxvq219Y3Nre3CTnF3b/+gZB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfueRSsVica8nCfUjPBQsZARrI/XtUs+rYNQ4f8gu3Gmx5/ftslN15kCrxM1JGXI0+/ZXbxCTNKJCE46V8lwn0X6GpWaEU/NkqmiCyRgPqWeowBFVfjZffIrOjDJAYSxNCY3m6u+JDEdKTaLAdEZYj9SyNxP/87xUh9d+xkSSairI4qMw5UjHaJYCGjBJieYTQzCRzOyKyAhLTLTJqmhCcJdPXiXtWtW9rLp3tXL9Jo+jACdwChVw4Qrq0IAmtIBACs/wCm/Wk/VivVsfi9Y1K585hj+wPn8ASf2RjQ==</latexit>

(aH)�1

<latexit sha1_base64="nn6FoBCF3VrA8Z5WvQAI9snREko=">AAAB9HicbVA9T8MwEL3wWcpXgZHFokJiKkkHYKxgYSwS/ZCSqHJcp7VqO8F2KlVRfwcLAwix8mPY+De4bQZoedJJT+/d6e5elHKmjet+O2vrG5tb26Wd8u7e/sFh5ei4rZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040upv5nTFVmiXy0UxSGgo8kCxmBBsrhYHvXY4CzQTiQdirVN2aOwdaJV5BqlCg2at8Bf2EZIJKQzjW2vfc1IQ5VoYRTqflINM0xWSEB9S3VGJBdZjPj56ic6v0UZwoW9Kgufp7IsdC64mIbKfAZqiXvZn4n+dnJr4JcybTzFBJFovijCOToFkCqM8UJYZPLMFEMXsrIkOsMDE2p7INwVt+eZW06zXvquY91KuN2yKOEpzCGVyAB9fQgHtoQgsIPMEzvMKbM3ZenHfnY9G65hQzJ/AHzucPurqRbA==</latexit>

1/k ⇠ l

<latexit sha1_base64="UDFN6d8vyJ5hsh3OAXULB+rFXwk=">AAAB8HicbVA9T8MwEL3wWcpXgZHFokJiKkkHYKxg6Vgk+oGSqHJcp7VqO5HtIFVRfwULAwix8nPY+De4bQZoedJJT+/d6e5elHKmjet+O2vrG5tb26Wd8u7e/sFh5ei4o5NMEdomCU9UL8KaciZp2zDDaS9VFIuI0240vpv53SeqNEvkg5mkNBR4KFnMCDZWegx877LZd4OwX6m6NXcOtEq8glShQKtf+QoGCckElYZwrLXvuakJc6wMI5xOy0GmaYrJGA+pb6nEguownx88RedWGaA4UbakQXP190SOhdYTEdlOgc1IL3sz8T/Pz0x8E+ZMppmhkiwWxRlHJkGz79GAKUoMn1iCiWL2VkRGWGFibEZlG4K3/PIq6dRr3lXNu69XG7dFHCU4hTO4AA+uoQFNaEEbCAh4hld4c5Tz4rw7H4vWNaeYOYE/cD5/AGjXj38=</latexit>

1/H0
—
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<latexit sha1_base64="I76Z/MOvtQarsvhmrXAR/+a2rFE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBPJSkB/VY9OKxQr8gCWWz3bRLdzdhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmRSln2rjut1Pa2Nza3invVvb2Dw6PqscnXZ1kitAOSXii+hHWlDNJO4YZTvupolhEnPaiyf3c7z1RpVki22aa0lDgkWQxI9hYqRf47cFVEA6qNbfuLoDWiVeQGhRoDapfwTAhmaDSEI619j03NWGOlWGE01klyDRNMZngEfUtlVhQHeaLc2fowipDFCfKljRoof6eyLHQeioi2ymwGetVby7+5/mZiW/DnMk0M1SS5aI448gkaP47GjJFieFTSzBRzN6KyBgrTIxNqGJD8FZfXifdRt27rnuPjVrzroijDGdwDpfgwQ004QFa0AECE3iGV3hzUufFeXc+lq0lp5g5hT9wPn8AkyOPEQ==</latexit>
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<latexit sha1_base64="ZY3z1urud6wuwc6uLSMg2iKAVoo=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMZKEjAfkBxhbzOXrNnbO3b3hBDyC2wsFLH1J9n5b9wkV2jig4HHezPMzAsSwbVx3W8nt7a+sbmV3y7s7O7tHxQPj5o6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN3O/NYTKs1j+WDGCfoRHUgeckaNler3vWLJLbtzkFXiZaQEGWq94le3H7M0QmmYoFp3PDcx/oQqw5nAaaGbakwoG9EBdiyVNELtT+aHTsmZVfokjJUtachc/T0xoZHW4yiwnRE1Q73szcT/vE5qwmt/wmWSGpRssShMBTExmX1N+lwhM2JsCWWK21sJG1JFmbHZFGwI3vLLq6R5UfYuy5V6pVS9yeLIwwmcwjl4cAVVuIMaNIABwjO8wpvz6Lw4787HojXnZDPH8AfO5w+nsYzV</latexit>
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<latexit sha1_base64="qNFtC/D+Mvg/9u8No5c1itHOviQ=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMZKLmA+MDnC3mYvWbK7d+zuCeHIv7CxUMTWf2Pnv3GTXKGJDwYe780wMy9MONPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFWENknMY9UJsaacSdo0zHDaSRTFIuS0HY5vZ377iSrNYvlgJgkNBB5KFjGCjZUe7/tZTwnkN6b9csWtunOgVeLlpAI5/H75qzeISSqoNIRjrbuem5ggw8owwum01Es1TTAZ4yHtWiqxoDrI5hdP0ZlVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpia6DjImk9RQSRaLopQjE6PZ+2jAFCWGTyzBRDF7KyIjrDAxNqSSDcFbfnmVtC6q3mW11qhV6jd5HEU4gVM4Bw+uoA534EMTCEh4hld4c7Tz4rw7H4vWgpPPHMMfOJ8/DqyQgg==</latexit>

NPQ

|
<latexit sha1_base64="l13FnVzEfnQx2xOf1/64ZX79/K4=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxrcz/+EJleaxvDeTBP2IDiUPOaPGSk23X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSfui6l1Wa81apX6Tx1GEEziFc/DgCupwBw1oAQOEZ3iFN+fReXHenY9Fa8HJZ47hD5zPH3o5jLc=</latexit>

0

- Meso-inflationary axion: [Redi, Tesi ’22]

<latexit sha1_base64="BXCFUTsGU7u2BUAb6cBMb3Kxi4g=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiSi1YWLghtXUsE+oAlhMp20Q2cmYWZSLCG/4saFIm79EXf+jdM2C209cOFwzr3ce0+YMKq043xbpbX1jc2t8nZlZ3dv/8A+rHZUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDce3M787IVLRWDzqaUJ8joaCRhQjbaTArt4HmSc5nFCVe4pyeOkEds2pO3PAVeIWpAYKtAL7yxvEOOVEaMyQUn3XSbSfIakpZiSveKkiCcJjNCR9QwXiRPnZ/PYcnhplAKNYmhIaztXfExniSk15aDo50iO17M3E/7x+qqNrP6MiSTUReLEoShnUMZwFAQdUEqzZ1BCEJTW3QjxCEmFt4qqYENzll1dJ57zuNuqNh4ta86aIowyOwQk4Ay64Ak1wB1qgDTB4As/gFbxZufVivVsfi9aSVcwcgT+wPn8ALc6T4A==</latexit>

Nvis ⇠ 50



If PQ symmetry is broken after  e-foldings the axion does 
not exist at the beginning of inflation.

NPQ

<latexit sha1_base64="2AVKv7fHLAfDb8Iei68DN4uH45s=">AAACKHicbVBNS8NAFNz4WetX1KOXxSJ4sSRS1Juil56kBauFJoTN9kWX7iZxdyOWkJ/jxb/iRUSRXv0lbmsVrQ4sDDPzePsmTDlT2nEG1tT0zOzcfGmhvLi0vLJqr61fqCSTFFo04Ylsh0QBZzG0NNMc2qkEIkIOl2HvdOhf3oJULInPdT8FX5CrmEWMEm2kwD7qeooJ7EWSUOzmvSD3pMCNZlF4cJOx2y8H5/XAKbAHd2ln9+w75Qd2xak6I+C/xB2TChqjEdjPXjehmYBYU06U6rhOqv2cSM0oh6LsZQpSQnvkCjqGxkSA8vPRoQXeNkoXR4k0L9Z4pP6cyIlQqi9CkxREX6tJbyj+53UyHR36OYvTTENMPxdFGcc6wcPWcJdJoJr3DSFUMvNXTK+JaUabbsumBHfy5L/kYq/q7ldrzVrl+GRcRwltoi20g1x0gI5RHTVQC1F0jx7RC3q1Hqwn680afEanrPHMBvoF6/0DSB6lfw==</latexit>

d ⇠ 1

kPQ
⌘ 1

H0
exp[�NPQ]

<latexit sha1_base64="3dA6y8h7bHZ8Iq6Pskx35NUjMX8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkJJRNSNUHTjsoJ9QBvCzWTSDp08mJmIJXbhr7hxoYhbf8Odf+Ok7UJbD1w4nHMv997jJZxJZVnfRmFhcWl5pbhaWlvf2Nwyt3eaMk4FoQ0S81i0PZCUs4g2FFOcthNBIfQ4bXmD69xv3VMhWRzdqWFCnRB6EQsYAaUl19yDysPRJbgMH+OuT7kCnCuuWbaq1hh4nthTUkZT1F3zq+vHJA1ppAgHKTu2lSgnA6EY4XRU6qaSJkAG0KMdTSMIqXSy8f0jfKgVHwex0BUpPFZ/T2QQSjkMPd0ZgurLWS8X//M6qQounIxFSapoRCaLgpRjFeM8DOwzQYniQ02ACKZvxaQPAojSkZV0CPbsy/OkeVK1z6r27Wm5djWNo4j20QGqIBudoxq6QXXUQAQ9omf0it6MJ+PFeDc+Jq0FYzqzi/7A+PwBFMSUOA==</latexit>

a(x) = ai + �a(x)

<latexit sha1_base64="trEYzte1FJ1Ki4vEKlOy0ZbarYs=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU90VUY9FL/VWwX5Au5Rsmm1Ds5uYZItl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzAsmZNq777eRWVtfWN/Kbha3tnd294v5BQ4tEEVonggvVCrCmnMW0bpjhtCUVxVHAaTMY3k795ogqzUT8YMaS+hHuxyxkBBsr+R0spRJPyDurdu+6xZJbdmdAy8TLSAky1LrFr05PkCSisSEca932XGn8FCvDCKeTQifRVGIyxH3atjTGEdV+Ojt6gk6s0kOhULZig2bq74kUR1qPo8B2RtgM9KI3Ff/z2okJr/2UxTIxNCbzRWHCkRFomgDqMUWJ4WNLMFHM3orIACtMjM2pYEPwFl9eJo3zsndZ9u4vSpWbLI48HMExnIIHV1CBKtSgDgQe4Rle4c0ZOS/Ou/Mxb8052cwh/IHz+QO1qZFo</latexit>

⇡ 1/HI

Due to the inflationary expansion the axion becomes 
homogeneous over macroscopic scales,


<latexit sha1_base64="vYFdEtATQwvoEHwuCp/Y6gODoXs=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvXhMwDwgWULvZJIMmdldZ2YDYcl3ePGgiFc/xpt/4yTZg0YLGoqqbrq7glhwbVz3y8mtrK6tb+Q3C1vbO7t7xf2Dho4SRVmdRiJSrQA1EzxkdcONYK1YMZSBYM1gdDfzm2OmNI/CBzOJmS9xEPI+p2is5OMNwW7aUZJUa9NuseSW3TnIX+JlpAQZqt3iZ6cX0USy0FCBWrc9NzZ+ispwKti00Ek0i5GOcMDaloYomfbT+dFTcmKVHulHylZoyFz9OZGi1HoiA9sp0Qz1sjcT//Paielf+ykP48SwkC4W9RNBTERmCZAeV4waMbEEqeL2VkKHqJAam1PBhuAtv/yXNM7K3mX5onZeqtxmceThCI7hFDy4ggrcQxXqQOERnuAFXp2x8+y8Oe+L1pyTzRzCLzgf38cskXk=</latexit>

a > aPQ

In our universe  scans all values as in the post-inflationary axion 
but domains can be macroscopic.


✓



For  ( )the string network cannot form as in 
the post-inflationary axion scenario.

Abundance of DM and its distribution is modified.

TPQ < GeV NPQ < 25
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Inhomogeneities re-enter the horizon at a temperature:
<latexit sha1_base64="NJuVixjku4BJ+bX5seBpAzmXMNA=">AAACEnicbZDLSsNAFIYn9VbrLerSzWARFKUkUi8LhWI3bpQWeoMmlsl00g6dXJiZCCXkGdz4Km5cKOLWlTvfxmkbRFsPDHz8/zmcOb8TMiqkYXxpmbn5hcWl7HJuZXVtfUPf3GqIIOKY1HHAAt5ykCCM+qQuqWSkFXKCPIeRpjMoj/zmPeGCBn5NDkNie6jnU5diJJXU0Q9qndjiHqxUk8sUyzdXiXUEyV18++MdFpOOnjcKxrjgLJgp5EFalY7+aXUDHHnEl5ghIdqmEUo7RlxSzEiSsyJBQoQHqEfaCn3kEWHH45MSuKeULnQDrp4v4Vj9PREjT4ih56hOD8m+mPZG4n9eO5LuuR1TP4wk8fFkkRsxKAM4ygd2KSdYsqEChDlVf4W4jzjCUqWYUyGY0yfPQuO4YJ4WTqrFfOkijSMLdsAu2AcmOAMlcA0qoA4weABP4AW8ao/as/amvU9aM1o6sw3+lPbxDf2bnGg=</latexit>

TPQ = TCMB eNPQ+4



- KSVZ axion:

10-3 10-2 10-1 1

1

10

λ

HI

fa

HI / fa< λ1/2
Ns>50

25<Ns<50

Ns<25

Ns>25?

〈 ρ2 〉eq=4 fa2

We find that a very similar scenario is effectively realised even in 
the most minimal QCD axion (with )NDW = 1

<latexit sha1_base64="BjVf12QJzhJzGE4m7JQcIko8O9g="></latexit>

L = |@µ�|2 � �

✓
|�|2 � f2

a

2

◆2

� y( ̄L� R + h.c.)

[with Gorghetto, Hardy, Nicolaescu, Notari]

[see also Lyth, Stewart ’92]

<latexit sha1_base64="L327Io+HPmQMdzgBPfiS7tqRniE=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAIrkpSfC1cFNy4rGAf0MQymU6aoZMHMxOhhOLGX3HjQhG3foU7/8ZJm4W2Hhg4nHMvd87xEs6ksqxvo7S0vLK6Vl6vbGxube+Yu3ttGaeC0BaJeSy6HpaUs4i2FFOcdhNBcehx2vFG17nfeaBCsji6U+OEuiEeRsxnBCst9c0DpxkwR8WI3md1hhzMkwBPcrFvVq2aNQVaJHZBqlCg2Te/nEFM0pBGinAsZc+2EuVmWChGOJ1UnFTSBJMRHtKephEOqXSzaYQJOtbKAPmx0C9SaKr+3shwKOU49PRkiFUg571c/M/rpcq/dDMWJamiEZkd8lOOdOS8DzRgghLFx5pgIpj+KyIBFpgo3VpFl2DPR14k7XrNPq+d3Z5WG1dFHWU4hCM4ARsuoAE30IQWEHiEZ3iFN+PJeDHejY/ZaMkodvbhD4zPH33flto=</latexit>

� ! e2i↵�
<latexit sha1_base64="oXIGsWoBcQUoQ3BoZEgwKgLVhDY=">AAACEnicbVDLSgMxFM34rPU16tJNsAgKUmbE18JFwY0LF1XsAzrjkEnTNjSZCUlGKMN8gxt/xY0LRdy6cuffmLYDauuBwOGce7k5JxSMKu04X9bM7Nz8wmJhqbi8srq2bm9s1lWcSExqOGaxbIZIEUYjUtNUM9IUkiAeMtII+xdDv3FPpKJxdKsHgvgcdSPaoRhpIwX2vldVNEivDm4yT8eQ3KWe4JBCDzHRQzD7sQO75JSdEeA0cXNSAjmqgf3ptWOccBJpzJBSLdcR2k+R1BQzkhW9RBGBcB91ScvQCHGi/HQUKYO7RmnDTizNizQcqb83UsSVGvDQTHKke2rSG4r/ea1Ed878lEYi0STC40OdhEETftgPbFNJsGYDQxCW1PwV4h6SCGvTYtGU4E5Gnib1w7J7Uj6+PipVzvM6CmAb7IA94IJTUAGXoApqAIMH8ARewKv1aD1bb9b7eHTGyne2wB9YH98UrZ0Z</latexit>

 L,R ! e±i↵ L,R

<latexit sha1_base64="O8twApyZ0fmeTFo8DtvLhFOggPs=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSLUS9kVqSIeCl48tuC2hbaWbJptQ5PskmSVsvR/ePGgiFf/izf/jWm7B219MPB4b4aZeUHMmTau++2srK6tb2zmtvLbO7t7+4WDw4aOEkWoTyIeqVaANeVMUt8ww2krVhSLgNNmMLqd+s1HqjSL5L0Zx7Qr8ECykBFsrPTgl7yzXtpRAtXqk+teoeiW3RnQMvEyUoQMtV7hq9OPSCKoNIRjrdueG5tuipVhhNNJvpNoGmMywgPatlRiQXU3nV09QadW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vnZjwqpsyGSeGSjJfFCYcmQhNI0B9pigxfGwJJorZWxEZYoWJsUHlbQje4svLpHFe9irlSv2iWL3J4sjBMZxACTy4hCrcQQ18IKDgGV7hzXlyXpx352PeuuJkM0fwB87nD9VKkW8=</latexit>

U(1)PQ :



PQ symmetry is not restored by thermal effects. 

After a critical number of e-foldings equilibrium is reached:

 is also the number of e-folding over which  is coherent so 
that the symmetry is effectively broken:

Ns �

<latexit sha1_base64="Ghr065KVDXpZZ3hOSWfiYgBHfv8="></latexit>

@

@N
h�2i = H

2
I

4⇡2
� �

2h�2i(4h�2i � f
2
a )

3H2
I

<latexit sha1_base64="A9yV8tTVPi1Y6CEPA9mK22Z+Puo=">AAACB3icbVDLSgMxFM34rPU16lKQYBHcWGbE18JFwY2r0oJ9QGcYMmmmDU0yQ5IplKE7N/6KGxeKuPUX3Pk3pu0stPXAhZNz7iX3njBhVGnH+baWlldW19YLG8XNre2dXXtvv6niVGLSwDGLZTtEijAqSENTzUg7kQTxkJFWOLib+K0hkYrG4kGPEuJz1BM0ohhpIwX2UTXIPMlhrT72FOUwfw6pGp9VAxXYJafsTAEXiZuTEshRC+wvrxvjlBOhMUNKdVwn0X6GpKaYkXHRSxVJEB6gHukYKhAnys+md4zhiVG6MIqlKaHhVP09kSGu1IiHppMj3Vfz3kT8z+ukOrrxMyqSVBOBZx9FKYM6hpNQYJdKgjUbGYKwpGZXiPtIIqxNdEUTgjt/8iJpnpfdq/Jl/aJUuc3jKIBDcAxOgQuuQQXcgxpoAAwewTN4BW/Wk/VivVsfs9YlK585AH9gff4AME2Y4A==</latexit>

NPQ ⇠ Nvis �Ns

During inflation  undergoes a random walk�

<latexit sha1_base64="//0/nTy2uyLYVvnXjsXSA9PZTxE="></latexit>

h�2ieq ⇡
r

3

32⇡2�
H

2
I

<latexit sha1_base64="O14qT4k/pVd8r+Y8HO2AaW4Jh+Q=">AAACEXicbVC7TsMwFHV4lvIKMLJYVEidqqQ8B4ZKLEyoSPQhNSFyHKe1aifBdpCqKL/Awq+wMIAQKxsbf4PbZoCWI13p6Jx77XuPnzAqlWV9GwuLS8srq6W18vrG5ta2ubPblnEqMGnhmMWi6yNJGI1IS1HFSDcRBHGfkY4/vBz7nQciJI2jWzVKiMtRP6IhxUhpyTOr156EjqTckfdCZdAJBcIwO3ISelfPs7rD9FsBynPPrFg1awI4T+yCVECBpmd+OUGMU04ihRmSsmdbiXIzJBTFjORlJ5UkQXiI+qSnaYQ4kW42uSiHh1oJYBgLXZGCE/X3RIa4lCPu606O1EDOemPxP6+XqvDczWiUpIpEePpRmDKoYjiOBwZUEKzYSBOEBdW7QjxAOhOlQyzrEOzZk+dJu16zT2snN8eVxkURRwnsgwNQBTY4Aw1wBZqgBTB4BM/gFbwZT8aL8W58TFsXjGJmD/yB8fkDSuudUQ==</latexit>

Ns ⇠
r

3⇡2

2�

<latexit sha1_base64="1nDQm02iAhevpl6P2qMNIyLoPzM=">AAACD3icbVC7SgNBFJ2NrxhfUUubwaBYSNgViRYiAZvYRcgLsmGZncwmQ2Z2l5m7YljyBzb+io2FIra2dv6Nk0ehiQcGDuecy517/FhwDbb9bWWWlldW17LruY3Nre2d/O5eQ0eJoqxOIxGplk80EzxkdeAgWCtWjEhfsKY/uBn7zXumNI/CGgxj1pGkF/KAUwJG8vLHrp8IwQC7pxXv1u2BiUoceARf45qXukpiSR5GXr5gF+0J8CJxZqSAZqh6+S+3G9FEshCoIFq3HTuGTkoUcCrYKOcmmsWEDkiPtQ0NiWS6k07uGeEjo3RxECnzQsAT9fdESqTWQ+mbpCTQ1/PeWPzPaycQXHZSHsYJsJBOFwWJwBDhcTm4yxWjIIaGEKq4+SumfaIIBVNhzpTgzJ+8SBpnRadULN2dF8pXszqy6AAdohPkoAtURhVURXVE0SN6Rq/ozXqyXqx362MazVizmX30B9bnD3Rim6o=</latexit>

•HI & fa > Tmax

After  the field is randomised so topologically non-trivial 
configurations will be generated.

N > Ns



More precisely we want to study the Fokker-Planck equation for 

the probability distribution of .�

<latexit sha1_base64="rCpC3zkHjgsB8kd88yB1I5KhWNo="></latexit>
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H
3
I
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I
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�

<latexit sha1_base64="TMT6DhP3XmPOtARWzcQ6uqMlPDY="></latexit>

Peq(�) ⌘ Ae
�8⇡2

V (�)

3H4
I

<latexit sha1_base64="l1rLJY3EcGkt4X5G/htZEdZFz6g="></latexit>

P (t, x, ✓) = Peq(x) +
X

(n,m) 6=(1,0)

anme�v(x) nm(x)
eim✓

p
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e��nmt

Solution:
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Time scale is set by lowest eigenvalue:
<latexit sha1_base64="BOOZ8dswxTTuNFnXwJSu7zKPsFg="></latexit>

Ns ⇠
HI

�11
⇠ 10p

�



For  the field spreads over the top of the potential.

Simulations confirm that if  fraction of points spreads strings 
form.

N & Ns

O(1)

N=25



- Overshoot mechanism:
Strings can also form during reheating if the field oscillates over 
the top of the potential even if it is homogeneous at the end of 
inflation.

Simulation show that when O(1) of points in the patch overshoots 
to the other side a string network forms. This provides a new 
coherence scale  that can be important for small .No.s.

s �
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<latexit sha1_base64="hlTf4M0Wh3P/oK87fY4fZqW+tQI="></latexit>
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〈 ρ2 〉eq=4 fa2
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Inflationary production

HI / fa< λ1/2

Ns>50 25<Ns<50 Ns<25

〈 ρ2 〉eq=4 fa2

<latexit sha1_base64="sHHee7fm3mZg6vF2JJCH5MCd9mo=">AAACHHicbVDLSsNAFJ34rPUVdelmsAguJCS+Fy4KbtwoFewDmlgm00k7dDKJM5NCCfkQN/6KGxeKuHEh+DdO2yDaemDg3HPu5c49fsyoVLb9ZczMzs0vLBaWissrq2vr5sZmTUaJwKSKIxaJho8kYZSTqqKKkUYsCAp9Rup+72Lo1/tESBrxWzWIiReiDqcBxUhpqWUeXrekS+4T2oepK0J4RXnW1NrdqKI8yPbhTwkjS1qZ1zJLtmWPAKeJk5MSyFFpmR9uO8JJSLjCDEnZdOxYeSkSimJGsqKbSBIj3EMd0tSUo5BILx0dl8FdrbRhEAn9uIIj9fdEikIpB6GvO0OkunLSG4r/ec1EBWdeSnmcKMLxeFGQMKgiOEwKtqkgWLGBJggLqv8KcRcJhJXOs6hDcCZPnia1A8s5sY5vjkrl8zyOAtgGO2APOOAUlMElqIAqwOABPIEX8Go8Gs/Gm/E+bp0x8pkt8AfG5zfRhaEr</latexit>

Ns ⌘ Min[N inf
s , No.s.

s ]
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〈 ρ2 〉eq=4 fa2



PQ symmetry is always broken. Pre-inflationary scenario produced.

PQ symmetry is restored on large scales and a network of strings 
can form at . Ordinary post-inflationary axion pheno 
expected.

T > GeV

PQ is restored on macroscopic scales however the string network 
cannot form and reach a scaling solution as in the post-
inflationary scenario.

- Pre/Post/Late:

<latexit sha1_base64="SsFdf+0e4Kr76IPRIy65rG+EyKs=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJaHXhouDGlVSwD2hCmEwn7dDJJMzcCKXUjb/ixoUibv0Ld/6N0zYLbT0wcDjnXO7cE6aCa3Ccb2thcWl5ZbWwVlzf2Nzatnd2GzrJFGV1mohEtUKimeCS1YGDYK1UMRKHgjXD/vXYbz4wpXki72GQMj8mXckjTgkYKbD3vTATgoF3gm8Djb0umGyMz53ALjllZwI8T9yclFCOWmB/eZ2EZjGTQAXRuu06KfhDooBTwUZFL9MsJbRPuqxtqCQx0/5wcsEIHxmlg6NEmScBT9TfE0MSaz2IQ5OMCfT0rDcW//PaGUSX/pDLNAMm6XRRlAkMCR7XgTtcMQpiYAihipu/YtojilAwpRVNCe7syfOkcVp2K+XK3VmpepXXUUAH6BAdIxddoCq6QTVURxQ9omf0it6sJ+vFerc+ptEFK5/ZQ39gff4A6ACV4w==</latexit>

•Ns & 50

<latexit sha1_base64="w7sS1kCMNXkhbiu9F++Cdj9YZ2Y=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1KSotWFi4IbV1LBPqAJYTK9aYdOHsxMhBKKG3/FjQtF3PoV7vwbp20W2nrgwuGce7n3Hj/hTCrL+jYKS8srq2vF9dLG5tb2jrm715JxKig0acxj0fGJBM4iaCqmOHQSAST0ObT94fXEbz+AkCyO7tUoATck/YgFjBKlJc88cPyUc1DOKb71JHY4SClZiKvnnlm2KtYUeJHYOSmjHA3P/HJ6MU1DiBTlRMqubSXKzYhQjHIYl5xUQkLokPShq2lEQpBuNn1hjI+10sNBLHRFCk/V3xMZCaUchb7uDIkayHlvIv7ndVMVXLoZi5JUQURni4KUYxXjSR64xwRQxUeaECqYvhXTARGEKp1aSYdgz7+8SFrVil2r1O7OyvWrPI4iOkRH6ATZ6ALV0Q1qoCai6BE9o1f0ZjwZL8a78TFrLRj5zD76A+PzB7nQllk=</latexit>

•Ns . 25

<latexit sha1_base64="fuPSDMaBBudSHASgo44vX+pANrQ=">AAACDnicbVC7SgNBFJ2Nrxhfq5Y2gyFgIWE3mGhhEbCxkgjmAdllmZ3cTYbMPpiZFcKSL7DxV2wsFLG1tvNvnDxATTxw4cw59zL3Hj/hTCrL+jJyK6tr6xv5zcLW9s7unrl/0JJxKig0acxj0fGJBM4iaCqmOHQSAST0ObT94dXEb9+DkCyO7tQoATck/YgFjBKlJc8sOX7KOSjnFFeq2OEgpWQhvvHkz6NqeWbRKltT4GViz0kRzdHwzE+nF9M0hEhRTqTs2lai3IwIxSiHccFJJSSEDkkfuppGJATpZtNzxriklR4OYqErUniq/p7ISCjlKPR1Z0jUQC56E/E/r5uq4MLNWJSkCiI6+yhIOVYxnmSDe0wAVXykCaGC6V0xHRBBqNIJFnQI9uLJy6RVKdu1cu32rFi/nMeRR0foGJ0gG52jOrpGDdREFD2gJ/SCXo1H49l4M95nrTljPnOI/sD4+AYFsJrS</latexit>

• 25 . Ns . 50



Axion starts to oscillate before inhomogeneities re-enter horizon.

The abundance from misalignment is obtained averaging:

<latexit sha1_base64="fLOXvDdTuqBoQilPvI5BcmxYkbc="></latexit>
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The abundance is dominated by the annihilation of the network. 
We estimate this as 1 domain wall per Hubble volume,
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DM can be reproduced up to the astrophysical bound!

10-1 1107

108

109

1010

1011

1012

10-1

10-2

10-3

10-4

10-5

λ

fa
GeV

HI =2fa

ma

eV

star cooling

Post-inflationaryLate stringsPre-inflationary

Ωa=ΩDM

Ωa<ΩDM

Ωa>ΩDM

?



The peak in the power spectrum generates axion mini-clusters 
that will be larger than in the post-inflationary scenario:
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Close to the astrophysical bound the tail of the power spectrum 
might be testable through Lyman-  forest.↵

When the network annihilates  inhomogeneities exist in the 
axion field at that scale.

O(1)

Larger miniclusters would be easier to observe in particular

through photometric lensing.

[unpublished with Garani, Tesi]
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• Miniclusters

• Large scale structure
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The misalignment contribution to DM though subleading inherits 
isocurvature perturbations. Using stochastic approach to inflation:
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Because the misalignment contribution depends on  this 
translates in isocurvature perturbations (not cancelled by 
strings because axion is massive before network can form):

✓(x)

This can be a strong constraint even though uncertainties are 
large. More work (simulations) needed. 
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- Isocurvature:
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SUMMARY
• A new regime exists at the boundary between post-inflationary 

and inflationary scenario, even in the most minimal QCD axion. 
It is very difficult to determine precisely the region of 
parameter space but it looks unavoidable.

• The main issue is isocurvature perturbations.                       
Even in the standard post-inflationary axion ( ) 
cancellation of isocurvature perturbations has not been proven 
though it is expected. Simulations are needed.

Tmax < fa

• Very exiting phenomenology with heavier axion masses (up to the 
astrophysical bound), larger miniclusters (possibly observable with 
photometric lensing), potential cosmological bounds from Lya.



We use as criterium the fraction of space that spreads

over the top of the potential:
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B is the activation function for overshoot.

Using the Fokker-Planck equation (B=1):

For overshoot we determine the  from the equation:Ns

Simulations suggest F=0.35-0.45 as critical values.
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Mini-clusters could be probed through photometric lensing.

[Dai, Miralda-Escude’ ’19]

[from 1909.11665 
Arvanitaki et. al.’19]
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