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Axion strings and dark matter 



QCD axion and dark matter
✓̄ = ✓ � arg det M

<latexit sha1_base64="2DU/1OXMfIfejuw7nCxM2jyIHWw="></latexit>

[1902.03254]
dn ' 1.52(71)⇥ 10�16 ✓̄ e cm

<latexit sha1_base64="+s2K8sARJIpa5oTZmYEcOgTmEZ4="></latexit>

✓̄ < 10�10
<latexit sha1_base64="FMV9WQtbFNsVtbRxZsHyN/rl7uA=">AAACE3icbVC7SgNBFJ2Nrxhf66uyWQyCjWE3FloIBmwsI5gHJDHMTm6SIbMPZu4KYdmvED/AVj/BTmz9AAtr7eysnTwKk3jgwuGce7n3HjcUXKFtvxupufmFxaX0cmZldW19w9zcKqsgkgxKLBCBrLpUgeA+lJCjgGoogXqugIrbuxj4lVuQigf+NfZDaHi04/M2ZxS11DR36y6VcR27gDQ5c+yb+Mixk6aZtXP2ENYsccYke/5z97VT/P4oNs3PeitgkQc+MkGVqjl2iI2YSuRMQJKpRwpCynq0AzVNfeqBasTD8xPrQCstqx1IXT5aQ/XvREw9pfqeqzs9il017Q3E/7xahO3TRsz9MELw2WhROxIWBtYgC6vFJTAUfU0ok1zfarEulZShTmxii9JPdaGVZHQyznQOs6SczznHufyVnS0UyAhpskf2ySFxyAkpkEtSJCXCSEweyCN5Mu6NZ+PFeB21pozxzDaZgPH2C5QOorA=</latexit>

LCPV = ✓̄
↵s

8⇡
Ga,µ⌫G

µ⌫
a

<latexit sha1_base64="BmEaZkmV99jNzcML/HvfofqIqsQ="></latexit>

˜
<latexit sha1_base64="DgqpzvGdRFgf8+umQ0t1gJojkzw=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWw203bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2E2gjYvWAkwT8iA2VGAjO0EqdHgoZQjbtlytu1Z2DrhIvJxWSo9Evf/XCmKcRKOSSGdP13AT9jGkUXMK01EsNJIyP2RC6lioWgfGz+b1TemaVkA5ibUshnau/JzIWGTOJAtsZMRyZZW8m/ud1Uxxc+5lQSYqg+GLRIJUUYzp7noZCA0c5sYRxLeytlI+YZhxtRCUbgrf88ipp1areRbV2f1mp3+RxFMkJOSXnxCNXpE7uSIM0CSeSPJNX8uY8Oi/Ou/OxaC04+cwx+QPn8wdmaZA0</latexit>



QCD axion and dark matter

LCPV = ✓̄
↵s

8⇡
Ga,µ⌫G

µ⌫
a

<latexit sha1_base64="BmEaZkmV99jNzcML/HvfofqIqsQ="></latexit>

✓̄ = ✓ � arg det M
<latexit sha1_base64="2DU/1OXMfIfejuw7nCxM2jyIHWw="></latexit>

[1902.03254]
dn ' 1.52(71)⇥ 10�16 ✓̄ e cm

<latexit sha1_base64="+s2K8sARJIpa5oTZmYEcOgTmEZ4="></latexit>

✓̄ < 10�10
<latexit sha1_base64="FMV9WQtbFNsVtbRxZsHyN/rl7uA=">AAACE3icbVC7SgNBFJ2Nrxhf66uyWQyCjWE3FloIBmwsI5gHJDHMTm6SIbMPZu4KYdmvED/AVj/BTmz9AAtr7eysnTwKk3jgwuGce7n3HjcUXKFtvxupufmFxaX0cmZldW19w9zcKqsgkgxKLBCBrLpUgeA+lJCjgGoogXqugIrbuxj4lVuQigf+NfZDaHi04/M2ZxS11DR36y6VcR27gDQ5c+yb+Mixk6aZtXP2ENYsccYke/5z97VT/P4oNs3PeitgkQc+MkGVqjl2iI2YSuRMQJKpRwpCynq0AzVNfeqBasTD8xPrQCstqx1IXT5aQ/XvREw9pfqeqzs9il017Q3E/7xahO3TRsz9MELw2WhROxIWBtYgC6vFJTAUfU0ok1zfarEulZShTmxii9JPdaGVZHQyznQOs6SczznHufyVnS0UyAhpskf2ySFxyAkpkEtSJCXCSEweyCN5Mu6NZ+PFeB21pozxzDaZgPH2C5QOorA=</latexit>✓̄(x) ! a(x)/fa

<latexit sha1_base64="GuttXGQoaq0eciaBCpapJFaSUVE=">AAACIXicbVDLSgNBEJz1GeMr6tHLoAh6ibsR0WPAi0cFo0I2hN5Jb3Zw9sFMrxqWfIDf4Qd41U/wJt7Eu/oZThIPvgoGqqu66ekKMiUNue6LMzY+MTk1XZopz87NLyxWlpZPTZprgQ2RqlSfB2BQyQQbJEnheaYR4kDhWXBxMPDPLlEbmSYn1MuwFUM3kaEUQFZqV9b9AHThU4QE/c3rLV/LbkSgdXrFwdbbYRtsl1t1h+B/ifdF1uv8+OOtNL171K68+51U5DEmJBQY0/TcjFoFaJJCYb/s5wYzEBfQxaalCcRoWsXwmD7fsEqHh6m2LyE+VL9PFBAb04sD2xkDRea3NxD/85o5hfutQiZZTpiI0aIwV5xSPkiGd6RGQapnCQgt7V+5iECDIJvfjy3GHhVhp1+2yXi/c/hLTmtVb6daO7YR1dkIJbbK1tgm89geq7NDdsQaTLAbdsfu2YNz6zw6T87zqHXM+ZpZYT/gvH4CD9ymqw==</latexit>

Clears strong CP problem and provides DM candidate! 

o Assume an abelian global symmetry, 
spontaneously broken at high scale 

o Axion appears as Goldstone boson, but mass 
term is generated at QCD era

o Oscillation around QCD potential behaves like 
NR condensate

fa
<latexit sha1_base64="N402OWMZElL9LGaoNXC7nUAbTEw=">AAAB/3icdVC7SgNBFJ2Nrxhf0ZQ2g0GwWmYT1KQL2FhGNA9IQpidnU2GzM4uM7NCWFL4Abb6CVqJrb2Vf+AXWPsHTjYRjOiBC4dz7uXec92IM6URercyS8srq2vZ9dzG5tb2Tn53r6nCWBLaICEPZdvFinImaEMzzWk7khQHLqctd3Q29VvXVCoWiis9jmgvwAPBfEawNtKl38f9fBHZx8ipniCIbJQiJRWn7EBnrhRrhc/X0lvrsd7Pf3S9kMQBFZpwrFTHQZHuJVhqRjid5LqxohEmIzygHUMFDqjqJempE3hoFA/6oTQlNEzVnxMJDpQaB67pDLAeqt/eVPzL68Tar/QSJqJYU0Fmi/yYQx3CaW7oMUmJ5mNDMJHM3ArJEEtMtPnOwhZlQg2pN8mZz3zHh/+TZsl2ynbpwryoCmbIgn1wAI6AA05BDZyDOmgAAgbgFtyBe+vGerCerOdZa8aazxTAAqyXLwS7mrM=</latexit>

˜
<latexit sha1_base64="DgqpzvGdRFgf8+umQ0t1gJojkzw=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWw203bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2E2gjYvWAkwT8iA2VGAjO0EqdHgoZQjbtlytu1Z2DrhIvJxWSo9Evf/XCmKcRKOSSGdP13AT9jGkUXMK01EsNJIyP2RC6lioWgfGz+b1TemaVkA5ibUshnau/JzIWGTOJAtsZMRyZZW8m/ud1Uxxc+5lQSYqg+GLRIJUUYzp7noZCA0c5sYRxLeytlI+YZhxtRCUbgrf88ipp1areRbV2f1mp3+RxFMkJOSXnxCNXpE7uSIM0CSeSPJNX8uY8Oi/Ou/OxaC04+cwx+QPn8wdmaZA0</latexit>

ma / f�1
a

<latexit sha1_base64="NYChfCt1ziOoM5sAVvG+VUlvAnQ=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHcWGaqoMuiG5cV7APaccikmTY0k4QkIwxD/RU3LhRx64e4829M21lo64ELh3Pu5d57IsmoNp737aysrq1vbJa2yts7u3v77sFhW4tUYdLCggnVjZAmjHLSMtQw0pWKoCRipBONb6Z+55EoTQW/N5kkQYKGnMYUI2Ol0K0kIepLJaQRMA7RQ37mT0K36tW8GeAy8QtSBQWaofvVHwicJoQbzJDWPd+TJsiRMhQzMin3U00kwmM0JD1LOUqIDvLZ8RN4YpUBjIWyxQ2cqb8ncpRonSWR7UyQGelFbyr+5/VSE18FOeUyNYTj+aI4ZdB+Ok0CDqgi2LDMEoQVtbdCPEIKYWPzKtsQ/MWXl0m7XvPPa/W7i2rjuoijBI7AMTgFPrgEDXALmqAFMMjAM3gFb86T8+K8Ox/z1hWnmKmAP3A+fwBeJ5SU</latexit>



Ø Evolution of string network in the ‘scaling’ regime 

Ø Domain wall problem 

Ø Fate of miniclusters in late time Cosmology

Ø Uncertainty in the topological susceptibility   

Post-inflationary scenario 

fa . HI

2⇡
<latexit sha1_base64="zlNPKtLITb4T6WQr5/7TChWerzM=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmqoMuim7qrYB/QhDCZTtqhM5MwMxFKyMaNv+LGhSJu/Qd3/o3TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOb6Z+94FIRWNxrycJ8TkaChpRjLSRAvs4CpDHiFKKcuhFEuGsGdzmWd1LaB7YVafmzACXiVuQKijQCuwvbxDjlBOhMUNK9V0n0X6GpKaYkbzipYokCI/RkPQNFYgT5WezL3J4apQBjGJpSmg4U39PZIgrNeGh6eRIj9SiNxX/8/qpjq78jIok1UTg+aIoZVDHcBoJHFBJsGYTQxCW1NwK8QiZKLQJrmJCcBdfXiades09r9XvLqqN6yKOMjgCJ+AMuOASNEATtEAbYPAInsEreLOerBfr3fqYt5asYuYQ/IH1+QOixJio</latexit>

Formation of topological defects 
(strings, domain walls)



Ø Evolution of string network in the ‘scaling’ regime 

Ø Domain wall problem 

Ø Fate of miniclusters in late time Cosmology

Ø Uncertainty in the topological susceptibility   

Post-inflationary scenario 

fa . HI

2⇡
<latexit sha1_base64="zlNPKtLITb4T6WQr5/7TChWerzM=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmqoMuim7qrYB/QhDCZTtqhM5MwMxFKyMaNv+LGhSJu/Qd3/o3TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOb6Z+94FIRWNxrycJ8TkaChpRjLSRAvs4CpDHiFKKcuhFEuGsGdzmWd1LaB7YVafmzACXiVuQKijQCuwvbxDjlBOhMUNK9V0n0X6GpKaYkbzipYokCI/RkPQNFYgT5WezL3J4apQBjGJpSmg4U39PZIgrNeGh6eRIj9SiNxX/8/qpjq78jIok1UTg+aIoZVDHcBoJHFBJsGYTQxCW1NwK8QiZKLQJrmJCcBdfXiades09r9XvLqqN6yKOMjgCJ+AMuOASNEATtEAbYPAInsEreLOerBfr3fqYt5asYuYQ/IH1+QOixJio</latexit>

Formation of topological defects 
(strings, domain walls)

This talk



Global           field theory U(1)
<latexit sha1_base64="PhKM3smcbu9G/Lldht7KjezGu/4=">AAAB63icbZDNSsNAFIVv6l+tf1WXboYWoSKUpC50GXTjsoJpC20ok+m0HTozCTMTIYS+ghsFRdz6Qu76NiZtF9p6YODjnHuZe28QcaaNbc+swsbm1vZOcbe0t39weFQ+PmnpMFaEeiTkoeoEWFPOJPUMM5x2IkWxCDhtB5O7PG8/UaVZKB9NElFf4JFkQ0awyS2v5lz0y1W7bs+F1sFZQtWt9C5fZ27S7Je/e4OQxIJKQzjWuuvYkfFTrAwjnE5LvVjTCJMJHtFuhhILqv10PusUnWfOAA1DlT1p0Nz93ZFioXUigqxSYDPWq1lu/pd1YzO88VMmo9hQSRYfDWOOTIjyxdGAKUoMTzLARLFsVkTGWGFisvOUsiM4qyuvQ6tRd67qjQen6t7CQkU4gwrUwIFrcOEemuABgTE8wxu8W8J6sT6sz0VpwVr2nMIfWV8/AsyQiQ==</latexit>

L = (@µ�)⇤(@µ�)� V (�)
<latexit sha1_base64="4r1BEKYEk1/4vU6il+BVYI+Di/8="></latexit>

V (�) = �
4 (�

⇤�� f2
a )

2 + �
6T

2�2
<latexit sha1_base64="d6V6ap2fJwNQ3F8jxps6Bk9t36k="></latexit>

T � fa
<latexit sha1_base64="sfO0O3wiJuw/dIM9UKqgR9hPfJA=">AAAB8HicdZDLSsNAFIYnXmu9VV0qMlgEVyFpUeuu6MZlC71JG8pkOkmHziRhZiKU0KVP4MaFIm59gj6HO5/Bl3CSVlDRHwZ+vv8c5pzjRoxKZVnvxsLi0vLKam4tv76xubVd2NltyTAWmDRxyELRcZEkjAakqahipBMJgrjLSNsdXaV5+5YIScOgocYRcTjyA+pRjJRGN42e70Ovj/L9QtEyTy374syClmllykzFLtvQnpNi9WBa/7g7nNb6hbfeIMQxJ4HCDEnZta1IOQkSimJGJvleLEmE8Aj5pKttgDiRTpINPIHHmgygFwr9AgUz+r0jQVzKMXd1JUdqKH9nKfwr68bKqzgJDaJYkQDPPvJiBlUI0+3hgAqCFRtrg7CgelaIh0ggrPSN0iN8bQr/N62SaZfNUt0uVi/BTDmwD47ACbDBOaiCa1ADTYABB/fgETwZwngwno2XWemCMe/ZAz9kvH4CxKyTcA==</latexit>



Global           field theory U(1)
<latexit sha1_base64="PhKM3smcbu9G/Lldht7KjezGu/4=">AAAB63icbZDNSsNAFIVv6l+tf1WXboYWoSKUpC50GXTjsoJpC20ok+m0HTozCTMTIYS+ghsFRdz6Qu76NiZtF9p6YODjnHuZe28QcaaNbc+swsbm1vZOcbe0t39weFQ+PmnpMFaEeiTkoeoEWFPOJPUMM5x2IkWxCDhtB5O7PG8/UaVZKB9NElFf4JFkQ0awyS2v5lz0y1W7bs+F1sFZQtWt9C5fZ27S7Je/e4OQxIJKQzjWuuvYkfFTrAwjnE5LvVjTCJMJHtFuhhILqv10PusUnWfOAA1DlT1p0Nz93ZFioXUigqxSYDPWq1lu/pd1YzO88VMmo9hQSRYfDWOOTIjyxdGAKUoMTzLARLFsVkTGWGFisvOUsiM4qyuvQ6tRd67qjQen6t7CQkU4gwrUwIFrcOEemuABgTE8wxu8W8J6sT6sz0VpwVr2nMIfWV8/AsyQiQ==</latexit>

L = (@µ�)⇤(@µ�)� V (�)
<latexit sha1_base64="4r1BEKYEk1/4vU6il+BVYI+Di/8="></latexit>

V (�) = �
4 (�

⇤�� f2
a )

2 + �
6T

2�2
<latexit sha1_base64="d6V6ap2fJwNQ3F8jxps6Bk9t36k="></latexit>

Saxion Axion
�(x) = 1p

2
[fa + s(x)]eia(x)/fa

<latexit sha1_base64="j+hrSz4fEdI0Dt7GtEEtDJ0ZhAw="></latexit>

Massless goldstone 
boson with shift 
symmetry 

a(x) ! a(x) + 2⇡fa
<latexit sha1_base64="MswmgKolfRsaAEw7X7Rev+rijGs=">AAACBnicbVC7SgNBFJ2NrxhfUUsRhgQhEgi7sdAyaGMZwTwgu4S7k9lkyOyDmVl1Cals/AB/wsZCEVu/wS5/42ySQhMPXDhzzr3MvceNOJPKNCdGZmV1bX0ju5nb2t7Z3cvvHzRlGAtCGyTkoWi7IClnAW0opjhtR4KC73LacodXqd+6o0KyMLhVSUQdH/oB8xgBpaVu/hhKD6e2YP2BAiHCe5y+y1U7YtjrQjdfNCvmFHiZWHNSrBXs8vOkltS7+W+7F5LYp4EiHKTsWGaknBEIxQin45wdSxoBGUKfdjQNwKfSGU3PGOMTrfSwFwpdgcJT9ffECHwpE9/VnT6ogVz0UvE/rxMr78IZsSCKFQ3I7CMv5liFOM0E95igRPFEEyCC6V0xGYAAonRyOR2CtXjyMmlWK9ZZpXpjFWuXaIYsOkIFVEIWOkc1dI3qqIEIekQv6A29G0/Gq/FhfM5aM8Z85hD9gfH1A3M8ms4=</latexit>

T . fa
<latexit sha1_base64="QkL5vuspoNVffCi9rYev3Jg9w/U=">AAAB9HicdVDLSgMxFM3UV62vqktFgkVwNUxa1LorunHZQl/QDiWTZtrQZGZMMoVSuvQb3LhQxK3rfoc7v8GfMJ1WUNEDFw7n3Mu993gRZ0o7zruVWlpeWV1Lr2c2Nre2d7K7e3UVxpLQGgl5KJseVpSzgNY005w2I0mx8DhteIPrmd8YUqlYGFT1KKKuwL2A+YxgbSS32uZUKcUE9Du4k8059pmDLs8d6NhOgoQUUQFBtFBypcNp5ePuaFruZN/a3ZDEggaacKxUCzmRdsdYakY4nWTasaIRJgPcoy1DAyyocsfJ0RN4YpQu9ENpKtAwUb9PjLFQaiQ80ymw7qvf3kz8y2vF2i+6YxZEsaYBmS/yYw51CGcJwC6TlGg+MgQTycytkPSxxESbnDImhK9P4f+knrdRwc5XUK50BeZIgwNwDE4BAhegBG5AGdQAAbfgHjyCJ2toPVjP1su8NWUtZvbBD1ivn69mlcA=</latexit>

Heavy radial mode 
with mass 

ms =
p
2�fa

<latexit sha1_base64="oPPFNgt44110CLUwI8Lrd3MUw4o=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZKuhGKLpxWcE+oDMMmUymDU0yY5IRytiFv+LGhSJu/Q13/o1pOwttPRA4nHMP9+aEKaNKO863VVpaXlldK69XNja3tnfs3b22SjKJSQsnLJHdECnCqCAtTTUj3VQSxENGOuHweuJ3HohUNBF3epQSn6O+oDHFSBspsA94oC49dS91XveYyUVoHAcosKtOzZkCLhK3IFVQoBnYX16U4IwToTFDSvVcJ9V+jqSmmJFxxcsUSREeoj7pGSoQJ8rPp/eP4bFRIhgn0jyh4VT9ncgRV2rEQzPJkR6oeW8i/uf1Mh1f+DkVaaaJwLNFccagTuCkDBhRSbBmI0MQltTcCvEASYS1qaxiSnDnv7xI2vWae1qr355VG1dFHWVwCI7ACXDBOWiAG9AELYDBI3gGr+DNerJerHfrYzZasorMPvgD6/MHN7qWOg==</latexit>



real space field space

unbroken phase

� ⇡ m�1
s

<latexit sha1_base64="vcwiQHLoQdbVTHIjsoJifo+L/gA=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCG0tSBV0W3bisYB/QxDCZTNqhk8kwMxFL7MJfceNCEbf+hjv/xmmbhbYeuHA4517uvScUjCrtON/WwuLS8spqaa28vrG5tW3v7LZUmklMmjhlqeyESBFGOWlqqhnpCElQEjLSDgdXY799T6SiKb/VQ0H8BPU4jSlG2kiBve9FhGnkISFk+gCTQN3lJ+4osCtO1ZkAzhO3IBVQoBHYX16U4iwhXGOGlOq6jtB+jqSmmJFR2csUEQgPUI90DeUoIcrPJ/eP4JFRIhin0hTXcKL+nshRotQwCU1ngnRfzXpj8T+vm+n4ws8pF5kmHE8XxRmDOoXjMGBEJcGaDQ1BWFJzK8R9JBHWJrKyCcGdfXmetGpV97Rauzmr1C+LOErgAByCY+CCc1AH16ABmgCDR/AMXsGb9WS9WO/Wx7R1wSpm9sAfWJ8/1u6V+g==</latexit>

I
a

fa
d` = 2⇡n

<latexit sha1_base64="63i8PSTgwGVtfAHB+k+cMyG53wY=">AAACB3icbVDLSsNAFJ34rPVVdSnIYBFclaQKuhGKblxWsA9oQplMbtqhk0mYmQglZOfGX3HjQhG3/oI7/8Zpm4W2Hhg4nHMud+7xE86Utu1va2l5ZXVtvbRR3tza3tmt7O23VZxKCi0a81h2faKAMwEtzTSHbiKBRD6Hjj+6mfidB5CKxeJejxPwIjIQLGSUaCP1K0duzIR2Q0loRvIs7JM8cIHzq7qbMGwCVbtmT4EXiVOQKirQ7Fe+3CCmaQRCU06U6jl2or2MSM0oh7zspgoSQkdkAD1DBYlAedn0jhyfGCXAYSzNExpP1d8TGYmUGke+SUZED9W8NxH/83qpDi+9jIkk1SDobFGYcqxjPCkFB0wC1XxsCKGSmb9iOiSmE22qK5sSnPmTF0m7XnPOavW782rjuqijhA7RMTpFDrpADXSLmqiFKHpEz+gVvVlP1ov1bn3MoktWMXOA/sD6/AFLhJmP</latexit>



real space field space

broken phase

� ⇡ m�1
s

<latexit sha1_base64="vcwiQHLoQdbVTHIjsoJifo+L/gA=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCG0tSBV0W3bisYB/QxDCZTNqhk8kwMxFL7MJfceNCEbf+hjv/xmmbhbYeuHA4517uvScUjCrtON/WwuLS8spqaa28vrG5tW3v7LZUmklMmjhlqeyESBFGOWlqqhnpCElQEjLSDgdXY799T6SiKb/VQ0H8BPU4jSlG2kiBve9FhGnkISFk+gCTQN3lJ+4osCtO1ZkAzhO3IBVQoBHYX16U4iwhXGOGlOq6jtB+jqSmmJFR2csUEQgPUI90DeUoIcrPJ/eP4JFRIhin0hTXcKL+nshRotQwCU1ngnRfzXpj8T+vm+n4ws8pF5kmHE8XxRmDOoXjMGBEJcGaDQ1BWFJzK8R9JBHWJrKyCcGdfXmetGpV97Rauzmr1C+LOErgAByCY+CCc1AH16ABmgCDR/AMXsGb9WS9WO/Wx7R1wSpm9sAfWJ8/1u6V+g==</latexit>

I
a

fa
d` = 2⇡n

<latexit sha1_base64="63i8PSTgwGVtfAHB+k+cMyG53wY=">AAACB3icbVDLSsNAFJ34rPVVdSnIYBFclaQKuhGKblxWsA9oQplMbtqhk0mYmQglZOfGX3HjQhG3/oI7/8Zpm4W2Hhg4nHMud+7xE86Utu1va2l5ZXVtvbRR3tza3tmt7O23VZxKCi0a81h2faKAMwEtzTSHbiKBRD6Hjj+6mfidB5CKxeJejxPwIjIQLGSUaCP1K0duzIR2Q0loRvIs7JM8cIHzq7qbMGwCVbtmT4EXiVOQKirQ7Fe+3CCmaQRCU06U6jl2or2MSM0oh7zspgoSQkdkAD1DBYlAedn0jhyfGCXAYSzNExpP1d8TGYmUGke+SUZED9W8NxH/83qpDi+9jIkk1SDobFGYcqxjPCkFB0wC1XxsCKGSmb9iOiSmE22qK5sSnPmTF0m7XnPOavW782rjuqijhA7RMTpFDrpADXSLmqiFKHpEz+gVvVlP1ov1bn3MoktWMXOA/sD6/AFLhJmP</latexit>



a/fa
<latexit sha1_base64="jMcfn2yaHGWJeFubdmxselKkPiU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU02qoMeiF48VTFtoQ5lsN+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMUebTRCSqHaJmgkvmG24Ea6eKYRwK1gpHdzO/9cSU5ol8NOOUBTEOJI84RWMlHy+iHvbKFbfqzkFWiZeTCuRo9Mpf3X5Cs5hJQwVq3fHc1AQTVIZTwaalbqZZinSEA9axVGLMdDCZHzslZ1bpkyhRtqQhc/X3xARjrcdxaDtjNEO97M3E/7xOZqKbYMJlmhkm6WJRlAliEjL7nPS5YtSIsSVIFbe3EjpEhdTYfEo2BG/55VXSrFW9y2rt4apSv83jKMIJnMI5eHANdbiHBvhAgcMzvMKbI50X5935WLQWnHzmGP7A+fwBYISOZg==</latexit>

|�|/fa
<latexit sha1_base64="/wIoGTvosNYL7QGTvxV2TBiMvxY=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFWTKuiy6MZlBXuBJoTJdNIOnVyYmQgl1Fdx40IRtz6IO9/GSZqFth4Y+Pj/czhnfj/hTCrL+jYqa+sbm1vV7drO7t7+gXl41JNxKgjtkpjHYuBjSTmLaFcxxekgERSHPqd9f3qb+/1HKiSLowc1S6gb4nHEAkaw0pJn1h3tKqczYQWcBx6ueWbDalpFoVWwS2hAWR3P/HJGMUlDGi nCsZRD20qUm2GhGOF0XnNSSRNMpnhMhxojHFLpZsXxc3SqlREKYqFfpFCh/p7IcCjlLPR1Z4jVRC57ufifN0xVcO1mLEpSRSOyWBSkHKkY5UmgEROUKD7TgIlg+lZEJlhgonReeQj28pdXoddq2hfN1v1lo31TxlGFYziBM7DhCtpwBx3oAoEZPMMrvBlPxovxbnwsWitGOVOHP2V8/gBFipSD</latexit>



�̈+ 3H�̇�r2�+
m

2
s

2f2
a

(|�|2 � f
2
a ) = 0

<latexit sha1_base64="Gud5HawWwvB+oOphdOBYLrQ/tbY="></latexit>

Ansatz: 'string = f(r)ein✓
<latexit sha1_base64="o0K1ID6E2izk/i+r9h7xFnbv2fQ=">AAACEXicbVDLSsNAFJ34tr6qLt0Ei1A3JamCbgTRjUsFW4Wmhsn0phk6mYSZG7GE/IIbf8WNC0XcunPn3zhts/B1YOBwzr3cOSdIBdfoOJ/W1PTM7Nz8wmJlaXllda26vtHWSaYYtFgiEnUdUA2CS2ghRwHXqQIaBwKugsHpyL+6BaV5Ii9xmEI3pn3JQ84oGsmv1r1bqtKI+7mHcIe5RsVlvyiOwrrahZucSw8jQFr41ZrTcMaw/xK3JDVS4tyvfni9hGUxSGSCat1xnRS7OVXImYCi4mUaUsoGtA8dQyWNQXfzcaLC3jFKzw4TZZ5Ee6x+38hprPUwDsxkTDHSv72R+J/XyTA87JpUaYYg2eRQmAkbE3tUj93jChiKoSGUKW7+arOIKsrQlFgxJbi/I/8l7WbD3Ws0L/ZrxydlHQtki2yTOnHJATkmZ+SctAgj9+SRPJMX68F6sl6tt8nolFXubJIfsN6/AFjYnpY=</latexit>

core profile

winding number 

f(r)
<latexit sha1_base64="jm5d9mUCG98Gw9ujenfoEZ94ZxE=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuK+ix6MVjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G07vM7z5RpVkkH80spr7AY8lCRrDJpLCqLofliltzF0DrxMtJBXK0huWvwSgiiaDSEI617ntubPwUK8MIp/PSINE0xmSKx7RvqcSCaj9d3DpHF1YZoTBStqRBC/X3RIqF1jMR2E6BzUSvepn4n9dPTHjjp0zGiaGSLBeFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2npINwVt9eZ106jWvUas/XFWat3kcRTiDc6iCB9fQhHtoQRsITOAZXuHNEc6L8+58LFsLTj5zCn/gfP4AZI+Nzw==</latexit>

r
<latexit sha1_base64="mcxbHMlpexUZOQ80I65L7N8gjUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3m+M+g==</latexit>

Boundary conditions: f(0) = 0
<latexit sha1_base64="7+2D2TnLmTHrRBV9ZMx/66H85IM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuK+hFKHrxWMF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUUvLRBHaJJJL1QmwppwJ2jTMcNqJFcVRwGk7GN/O/PYTVZpJ8WAmMfUjPBQsZAQbK7XCsnt+7faLJbfizoFWiZeREmRo9ItfvYEkSUSFIRxr3fXc2PgpVoYRTqeFXqJpjMkYD2nXUoEjqv10fu0UnVllgEKpbAmD5urviRRHWk+iwHZG2Iz0sjcT//O6iQmv/JSJODFUkMWiMOHISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSwIXjLL6+SVrXi1SrV+4tS/SaLIw8ncApl8OAS6nAHDWgCgUd4hld4c6Tz4rw7H4vWnJPNHMMfOJ8/8VqODg==</latexit>

f(r)
r!1���! 1

<latexit sha1_base64="DmlLwgVw7ixEIaxk3K7Qr87WdWA=">AAACDnicbVDLSsNAFJ34rPUVdekmWAp1U5Iq6LLoxmUF+4AmlMl00g6dTMLMjRpCv8CNv+LGhSJuXbvzb5y2AbX1wIUz59zL3Hv8mDMFtv1lLC2vrK6tFzaKm1vbO7vm3n5LRYkktEkiHsmOjxXlTNAmMOC0E0uKQ5/Ttj+6nPjtWyoVi8QNpDH1QjwQLGAEg5Z6ZjmoyGP3XrLBELCU0V0m3Z+Hy0QA6djpmSW7ak9hLRInJyWUo9EzP91+RJKQCiAcK9V17Bi8DEtghNNx0U0UjTEZ4QHtaipwSJWXTc8ZW2Wt9K0gkroEWFP190SGQ6XS0NedIYahmvcm4n9eN4Hg3MuYiBOggsw+ChJuQWRNsrH6TFICPNUEE8n0rhYZYokJ6ASLOgRn/uRF0qpVnZNq7fq0VL/I4yigQ3SEKshBZ6iOrlADNRFBD+gJvaBX49F4Nt6M91nrkpHPHKA/MD6+Abl0nS0=</latexit>

Away from 
string core

'string ' fae
in✓

<latexit sha1_base64="sbqmeP8Cjop8l1eFTmeIxhBQ38k=">AAACFnicbVDBTttAFFwDhTS0EODYy6pRJS6NbIoExwguHEEiEClOrefNc7JivXZ3nxGR5a/gwq9w4QBCXBE3/qabkENLGGml0cx7ejsT50pa8v1Xb2Fx6dPySu1zffXL17X1xsbmmc0KI7AjMpWZbgwWldTYIUkKu7lBSGOF5/HF4cQ/v0RjZaZPaZxjP4WhlokUQE6KGj/DSzD5SEZlSHhFpSUj9bCqQitT/MOTCPB3KXVIIySookbTb/lT8HkSzEiTzXAcNV7CQSaKFDUJBdb2Aj+nfgmGpFBY1cPCYg7iAobYc1RDirZfTmNV/IdTBjzJjHua+FT9d6OE1NpxGrvJFGhk33sT8SOvV1Cy33ep8oJQi7dDSaE4ZXzSER9Ig4LU2BEQRrq/cjECA4Jck3VXQvA+8jw522kFv1o7J7vN9sGsjhr7xr6zbRawPdZmR+yYdZhg1+yW3bMH78a78x69p7fRBW+2s8X+g/f8FwI+oSM=</latexit>

2D: vortex solution 
3D: line-like solution

String core 

�
<latexit sha1_base64="JQcAzWaAuoYAXQfxggm9zL/KhUk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJq1b1L6q1+8tK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJLajyA=</latexit>

O(1)f�1
a

' O(1)m�1
s

<latexit sha1_base64="H0MU5cXo5o6qLuLwkk/4bbKBF/c=">AAACI3icbVDLSsNAFJ3UV42vqEs3waLUhSWpgqKboht3VrAPaGKYTCft0JkkzkyEEvIvbvwVNy6U4saF/2KSZqGtBwYO55zL3HvckBIhDeNLKS0sLi2vlFfVtfWNzS1te6ctgogj3EIBDXjXhQJT4uOWJJLibsgxZC7FHXd0nfmdJ8wFCfx7OQ6xzeDAJx5BUKaSo10cWgzKIYI0vk2q5pHnwIf42EwsS7UEYfjRupxJMEfkCdXRKkbNyKHPE7MgFVCg6WgTqx+giGFfIgqF6JlGKO0YckkQxYlqRQKHEI3gAPdS6kOGhR3nNyb6Qar0dS/g6fOlnqu/J2LIhBgzN01m64pZLxP/83qR9M7tmPhhJLGPph95EdVloGeF6X3CMZJ0nBKIOEl31dEQcohkWmtWgjl78jxp12vmSa1+d1ppXBV1lMEe2AdVYIIz0AA3oAlaAIFn8ArewYfyorwpE+VzGi0pxcwu+APl+wd1rKLo</latexit>

Drew, Shellard [1910.01718]

@µ@
µa(x) = 0

<latexit sha1_base64="kGwvyYfegswbCqSpqL+Xhv7YWRQ=">AAACDXicbVC7TsMwFHXKq4RXgJHFoiCVpUoKEixIFSyMRaIPqQmR4zqtVech20FUUX+AhV9hYQAhVnY2/gYnDRK0HMnSuefca/seL2ZUSNP80koLi0vLK+VVfW19Y3PL2N5piyjhmLRwxCLe9ZAgjIakJalkpBtzggKPkY43usz8zh3hgkbhjRzHxAnQIKQ+xUgqyTUOdDtGXFLE3NQOkslPdZtXqHp/dG7qrlExa2YOOE+sglRAgaZrfNr9CCcBCSVmSIieZcbSSbOrMSMT3U4EiREeoQHpKRqigAgnzbeZwEOl9KEfcXVCCXP190SKAiHGgac6AySHYtbLxP+8XiL9MyelYZxIEuLpQ37CoIxgFg3sU06wZGNFEOZU/RXiIeIISxVgFoI1u/I8addr1nGtfn1SaVwUcZTBHtgHVWCBU9AAV6AJWgCDB/AEXsCr9qg9a2/a+7S1pBUzu+APtI9vAhObfQ==</latexit>

(@µ@
µ +m2

s)s(x) = 0
<latexit sha1_base64="FEh7k8nGg25V40O0SzcR3kFVZxc=">AAACFHicbVDLSsNAFJ34rPUVdekmWISWQkmqoBuh6MZlBfuAJg2T6aQdOjMJMxOxhH6EG3/FjQtF3Lpw59+YpBG09cDAuefcy517vJASqUzzS1taXlldWy9sFDe3tnd29b39tgwigXALBTQQXQ9KTAnHLUUUxd1QYMg8ijve+Cr1O3dYSBLwWzUJscPgkBOfIKgSydWrZTuEQhFI3dhm0fSn6mdVlfXrrqzI8n3lwiy6esmsmRmMRWLlpARyNF390x4EKGKYK0ShlD3LDJUTpxsQxdOiHUkcQjSGQ9xLKIcMSyfOjpoax4kyMPxAJI8rI1N/T8SQSTlhXtLJoBrJeS8V//N6kfLPnZjwMFKYo9kiP6KGCow0IWNABEaKThICkSDJXw00ggIileSYhmDNn7xI2vWadVKr35yWGpd5HAVwCI5AGVjgDDTANWiCFkDgATyBF/CqPWrP2pv2Pmtd0vKZA/AH2sc3+laeFg==</latexit>



'string = f(r)ein✓
<latexit sha1_base64="o0K1ID6E2izk/i+r9h7xFnbv2fQ=">AAACEXicbVDLSsNAFJ34tr6qLt0Ei1A3JamCbgTRjUsFW4Wmhsn0phk6mYSZG7GE/IIbf8WNC0XcunPn3zhts/B1YOBwzr3cOSdIBdfoOJ/W1PTM7Nz8wmJlaXllda26vtHWSaYYtFgiEnUdUA2CS2ghRwHXqQIaBwKugsHpyL+6BaV5Ii9xmEI3pn3JQ84oGsmv1r1bqtKI+7mHcIe5RsVlvyiOwrrahZucSw8jQFr41ZrTcMaw/xK3JDVS4tyvfni9hGUxSGSCat1xnRS7OVXImYCi4mUaUsoGtA8dQyWNQXfzcaLC3jFKzw4TZZ5Ee6x+38hprPUwDsxkTDHSv72R+J/XyTA87JpUaYYg2eRQmAkbE3tUj93jChiKoSGUKW7+arOIKsrQlFgxJbi/I/8l7WbD3Ws0L/ZrxydlHQtki2yTOnHJATkmZ+SctAgj9+SRPJMX68F6sl6tt8nolFXubJIfsN6/AFjYnpY=</latexit>

⇢string(r) = (@rf)
2 +

�

4
(f2 � 1)2 +

✓
f

r

◆2

<latexit sha1_base64="c60+XSheZFPDayATmw9tB9zoy6A="></latexit>

local core 

winding around the core 

Two scale model 



'string = f(r)ein✓
<latexit sha1_base64="o0K1ID6E2izk/i+r9h7xFnbv2fQ=">AAACEXicbVDLSsNAFJ34tr6qLt0Ei1A3JamCbgTRjUsFW4Wmhsn0phk6mYSZG7GE/IIbf8WNC0XcunPn3zhts/B1YOBwzr3cOSdIBdfoOJ/W1PTM7Nz8wmJlaXllda26vtHWSaYYtFgiEnUdUA2CS2ghRwHXqQIaBwKugsHpyL+6BaV5Ii9xmEI3pn3JQ84oGsmv1r1bqtKI+7mHcIe5RsVlvyiOwrrahZucSw8jQFr41ZrTcMaw/xK3JDVS4tyvfni9hGUxSGSCat1xnRS7OVXImYCi4mUaUsoGtA8dQyWNQXfzcaLC3jFKzw4TZZ5Ee6x+38hprPUwDsxkTDHSv72R+J/XyTA87JpUaYYg2eRQmAkbE3tUj93jChiKoSGUKW7+arOIKsrQlFgxJbi/I/8l7WbD3Ws0L/ZrxydlHQtki2yTOnHJATkmZ+SctAgj9+SRPJMX68F6sl6tt8nolFXubJIfsN6/AFjYnpY=</latexit>

⇢string(r) = (@rf)
2 +

�

4
(f2 � 1)2 +

✓
f

r

◆2

<latexit sha1_base64="c60+XSheZFPDayATmw9tB9zoy6A="></latexit>

local core 

Two scale model 
winding around the core 

µ(r)
<latexit sha1_base64="b8QPgBxBLTxOysUn9SQWULMkhDE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2E3CnoMevEYwTwgWcLsZDYZM49lZlYIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXm5tfWNzK79d2Nnd2z8oHh41jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9Hodua3nqg2TMkHO05oKPBAspgRbJ3U7Iq0rM97xZJf8edAqyTISAky1HvFr25fkVRQaQnHxnQCP7HhBGvLCKfTQjc1NMFkhAe046jEgppwMr92is6c0kex0q6kRXP198QEC2PGInKdAtuhWfZm4n9eJ7XxdThhMkktlWSxKE45sgrNXkd9pimxfOwIJpq5WxEZYo2JdQEVXAjB8surpFmtBBeV6v1lqXaTxZGHEziFMgRwBTW4gzo0gMAjPMMrvHnKe/HevY9Fa87LZo7hD7zPH/mBjrs=</latexit>

r
<latexit sha1_base64="mcxbHMlpexUZOQ80I65L7N8gjUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3m+M+g==</latexit>

String tension:

µ(r) = µ0 +

Z R

�
2⇡r

✓
f(r)

r

◆2

dr

= µ0 + 2⇡f2
a log

✓
R

�

◆

<latexit sha1_base64="OosUSpJc6JF0y2LIgGCB8aV+uSg="></latexit> UV

IR

For axion strings on cosmo
scales: 

µ ⇡ 2⇡f2
a log

⇣
ms

H

⌘

<latexit sha1_base64="rpUyJxjTpGZCkX+meAsqL5Z9T3U=">AAACHHicbVBNSwMxEM36bf2qevQSLIJeym4r6FH00mMFq0JTl2yabYPJJiSzYln6Q7z4V7x4UMSLB8F/Y1p78OvBwOO9GWbmJUYKB2H4EUxNz8zOzS8slpaWV1bXyusb507nlvEW01Lby4Q6LkXGWyBA8ktjOVWJ5BfJ9cnIv7jh1gmdncHA8I6ivUykglHwUlyuE5UTaozVt7hGjMBpTK9qROoekTyFXZJaygoVu2HRGBIren3Yi8uVsBqOgf+SaEIqaIJmXH4jXc1yxTNgkjrXjkIDnYJaEEzyYYnkjhvKrmmPtz3NqOKuU4yfG+Idr3Rxqq2vDPBY/T5RUOXcQCW+U1Hou9/eSPzPa+eQHnYKkZkceMa+FqW5xKDxKCncFZYzkANPKLPC34pZn/o4wOdZ8iFEv1/+S85r1aherZ3uV46OJ3EsoC20jXZRhA7QEWqgJmohhu7QA3pCz8F98Bi8BK9frVPBZGYT/UDw/glDraId</latexit>

Drew, Shellard [1910.01718]



Axion string networks

⇠(t) = lim
L!1

`(t)t2

L3
<latexit sha1_base64="tlkkXhspGnQtRu7SKVcsCMLIWlQ="></latexit>

q Difficult to model a network of strings

q Scaling solution is ‘natural’ for local strings (one scale)

q Axion string properties should show log corrections

q Network density:

q String network collapses at the QCD crossover 

q Physical values unrealistic to simulate:

⇢s / ⇠(t)
<latexit sha1_base64="WDdgmmyaTa/6B2eDwoxlOjwotaQ=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRahXkpSBT0WvXisYD+gCWGz3bRLN9mwOxFDqH/FiwdFvPpDvPlv3LY5aOuDgcd7M8zMCxLOFNj2t1FaW9/Y3CpvV3Z29/YPzMOjrhKpJLRDBBeyH2BFOYtpBxhw2k8kxVHAaS+Y3Mz83gOVion4HrKEehEexSxkBIOWfLPqyrHwlZtIkYBwH1kdznyzZjfsOaxV4hSkhgq0ffPLHQqSRjQGwrFSA8dOwMuxBEY4nVbcVNEEkwke0YGmMY6o8vL58VPrVCtDKxRSVwzWXP09keNIqSwKdGeEYayWvZn4nzdIIbzychYnKdCYLBaFKbdAWLMkrCGTlADPNMFEMn2rRcZYYgI6r4oOwVl+eZV0mw3nvNG8u6i1ros4yugYnaA6ctAlaqFb1EYdRFCGntErejOejBfj3fhYtJaMYqaK/sD4/AHdyJTm</latexit>

log

✓
ms

HQCD

◆
⇡ 70

<latexit sha1_base64="aaFlPhnrHPltzcadrGt7zEPYzUs=">AAACF3icbVBNS8NAEN34WetX1KOXxSLUS0lUUPAi1INHC1YLTQib7aZd3GTD7kQsIf/Ci3/FiwdFvOrNf+O2zUFbHww83pthZl6YCq7Bcb6tufmFxaXlykp1dW19Y9Pe2r7RMlOUtakUUnVCopngCWsDB8E6qWIkDgW7De+aI//2ninNZXINw5T5MeknPOKUgJECu+EJ2fcEi6DuRYrQPA50kV8Geat5URSe4v0BHHgkTZV8wCdOYNechjMGniVuSWqoxFVgf3k9SbOYJUAF0brrOin4OVHAqWBF1cs0Swm9I33WNTQhMdN+Pv6rwPtG6eFIKlMJ4LH6eyInsdbDODSdMYGBnvZG4n9eN4Po1M95kmbAEjpZFGUCg8SjkHCPK0ZBDA0hVHFzK6YDYuIBE2XVhOBOvzxLbg4b7lHjsHVcOz8r46igXbSH6shFJ+gcXaIr1EYUPaJn9IrerCfrxXq3Piatc1Y5s4P+wPr8AV3Kn/8=</latexit>

log ⇠ 6
<latexit sha1_base64="zJWUUilE5jrvL9L1ryelwxvJIps=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0oKngJePEYwTwwu4TZyWwyZB7LzKwQQv7CiwdFvPo33vwbJ8keNLGgoajqprsrTjkz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrThDaI4kq3Y2woZ5I2LLOctlNNsYg5bcXD26nfeqLaMCUf7CilkcB9yRJGsHXSY8hVPzRMoMtuqexX/BnQMglyUoYc9W7pK+wpkgkqLeHYmE7gpzYaY20Z4XRSDDNDU0yGuE87jkosqInGs4sn6NQpPZQo7UpaNFN/T4yxMGYkYtcpsB2YRW8q/ud1MptcR2Mm08xSSeaLkowjq9D0fdRjmhLLR45gopm7FZEB1phYF1LRhRAsvrxMmtVKcF6p3l+Uazd5HAU4hhM4gwCuoAZ3UIcGEJDwDK/w5hnvxXv3PuatK14+cwR/4H3+AAIBkHQ=</latexit>

vs.



Axion string simulations

Physical vs ‘fat’ simulations

§ Keep physical core constant 

§ Keep conformal core constant 
via PRS trick  

ms = const.
<latexit sha1_base64="PzRnfv3fWScC2gTyZA1sEiS3k5s=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0iqoBeh6MVjBfsBbQib7bZdutkNuxO1xP4ULx4U8eov8ea/cdvmoK0PBh7vzTAzL0o40+B531ZhZXVtfaO4Wdra3tnds8v7TS1TRWiDSC5VO8KaciZoAxhw2k4UxXHEaSsaXU/91j1VmklxB+OEBjEeCNZnBIORQrsch/qyC/QRMiKFBncS2hXP9WZwlomfkwrKUQ/tr25PkjSmAgjHWnd8L4EgwwoY4XRS6qaaJpiM8IB2DBU4pjrIZqdPnGOj9Jy+VKYEODP190SGY63HcWQ6YwxDvehNxf+8Tgr9iyBjIkmBCjJf1E+5A9KZ5uD0mKIE+NgQTBQztzpkiBUmYNIqmRD8xZeXSbPq+qdu9fasUrvK4yiiQ3SETpCPzlEN3aA6aiCCHtAzekVv1pP1Yr1bH/PWgpXPHKA/sD5/AKsQlEM=</latexit>

ms(t) = ms
⌧0
⌧

<latexit sha1_base64="XIJplD2Y1WcMrb1yx5LcKcKdaA0=">AAACBnicbVDLSsNAFJ34rPUVdSlCsAh1U5Iq6EYounFZwT6gCWEynbRDZ5IwcyOUkJUbf8WNC0Xc+g3u/BunbRbaemC4h3Pu5c49QcKZAtv+NpaWV1bX1ksb5c2t7Z1dc2+/reJUEtoiMY9lN8CKchbRFjDgtJtIikXAaScY3Uz8zgOVisXRPYwT6gk8iFjICAYt+eaR8FUVTq90cUOJSeYCTn07n9bcNyt2zZ7CWiROQSqoQNM3v9x+TFJBIyAcK9Vz7AS8DEtghNO87KaKJpiM8ID2NI2woMrLpmfk1olW+lYYS/0isKbq74kMC6XGItCdAsNQzXsT8T+vl0J46WUsSlKgEZktClNuQWxNMrH6TFICfKwJJpLpv1pkiHUaoJMr6xCc+ZMXSbtec85q9bvzSuO6iKOEDtExqiIHXaAGukVN1EIEPaJn9IrejCfjxXg3PmatS0Yxc4D+wPj8AWCLmRQ=</latexit>



Attractor vs scaling

Gorghetto et al. [2007.04990] Klaer, Moore [1912.08058]

Fixed tension simulation Physical simulation 



@⇢a
@k@t

<latexit sha1_base64="sHxAntQ0me9YzGY75Xx69WQAw10=">AAACFHicbVDNS8MwHE3n15xfVY9egkMQhNFOQY9DLx4nuA9YS0mzdAtLk5Kkwij7I7z4r3jxoIhXD978b0y3MnTzQeDl/T6S98KEUaUd59sqrayurW+UNytb2zu7e/b+QVuJVGLSwoIJ2Q2RIoxy0tJUM9JNJEFxyEgnHN3k9c4DkYoKfq/HCfFjNOA0ohhpIwX2mRdJhDMvQVJTxDw5FAGazO9wNGd6EthVp+ZMAZeJW5AqKNAM7C+vL3AaE64xQ0r1XCfRfpYvxIxMKl6qSILwCA1Iz1COYqL8bGpqAk+M0oeRkOZwDafq74kMxUqN49B0xkgP1WItF/+r9VIdXfkZ5UmqCcezh6LUGBQwTwj2qSRYs7EhCEtq/grxEJmUtMmxYkJwFy0vk3a95p7X6ncX1cZ1EUcZHIFjcApccAka4BY0QQtg8AiewSt4s56sF+vd+pi1lqxi5hD8gfX5A2Gtn6Q=</latexit>

v Energy spectrum of axions emitted by strings

v Two scales imposing cutoffs in IR and UV

Axion radiation



@⇢a
@k@t

⇠ C

kq
<latexit sha1_base64="pj0OCXY9kN+LffxGK5T3jbfvwr8=">AAACJnicbVDLSsNAFJ34rPUVdelmsAiuSlIF3QjFblxWsA9oYphMJ+3QSSbOTIQS8jVu/BU3Lioi7vwUJ20o2nph4NxzzuXOPX7MqFSW9WWsrK6tb2yWtsrbO7t7++bBYVvyRGDSwpxx0fWRJIxGpKWoYqQbC4JCn5GOP2rkeueJCEl5dK/GMXFDNIhoQDFSmvLMaycQCKdOjISiiDliyD2UzXs4miOVOZKGcOZvZOno4THzzIpVtaYFl4FdgAooqumZE6fPcRKSSGGGpOzZVqzcNF+BGcnKTiJJjPAIDUhPwwiFRLrp9MwMnmqmDwMu9IsUnLK/J1IUSjkOfe0MkRrKRS0n/9N6iQqu3JRGcaJIhGeLgkSfzGGeGexTQbBiYw0QFlT/FeIh0jkonWxZh2AvnrwM2rWqfV6t3V1U6jdFHCVwDE7AGbDBJaiDW9AELYDBM3gFE/BuvBhvxofxObOuGMXMEfhTxvcPUO6ngg==</latexit>

v Energy spectrum of axions emitted by strings

v Two scales imposing cutoffs in IR and UV 

v Parametrize with a spectral index 

Axion radiation



Axion radiation
@⇢a
@k@t

⇠ C

kq
<latexit sha1_base64="pj0OCXY9kN+LffxGK5T3jbfvwr8=">AAACJnicbVDLSsNAFJ34rPUVdelmsAiuSlIF3QjFblxWsA9oYphMJ+3QSSbOTIQS8jVu/BU3Lioi7vwUJ20o2nph4NxzzuXOPX7MqFSW9WWsrK6tb2yWtsrbO7t7++bBYVvyRGDSwpxx0fWRJIxGpKWoYqQbC4JCn5GOP2rkeueJCEl5dK/GMXFDNIhoQDFSmvLMaycQCKdOjISiiDliyD2UzXs4miOVOZKGcOZvZOno4THzzIpVtaYFl4FdgAooqumZE6fPcRKSSGGGpOzZVqzcNF+BGcnKTiJJjPAIDUhPwwiFRLrp9MwMnmqmDwMu9IsUnLK/J1IUSjkOfe0MkRrKRS0n/9N6iQqu3JRGcaJIhGeLgkSfzGGeGexTQbBiYw0QFlT/FeIh0jkonWxZh2AvnrwM2rWqfV6t3V1U6jdFHCVwDE7AGbDBJaiDW9AELYDBM3gFE/BuvBhvxofxObOuGMXMEfhTxvcPUO6ngg==</latexit>

v Energy spectrum of axions emitted by strings

v Two scales imposing cutoffs in IR and UV 

v Parametrize with a spectral index 

na =

Z
dk

!k

@⇢a
@k

=

Z
dk

C

kq+1
<latexit sha1_base64="hD8yDmYSajVO2w/M0CUnCqX4C5U="></latexit>

Case A: IR domination Case B: UV domination 

q > 1
<latexit sha1_base64="xjD6zDUVehilAceaPJbeBUOSTeM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S9OIxonlAsoTZSScZMju7zswKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqZ+8wmV5pF8MOMY/ZAOJO9zRo2V7h+vvG6x5JbdGcgy8TJSggy1bvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns1Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/ST7mME4OSzRf1E0FMRKZ/kx5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf48jJpVMreWblyd16qXmdx5OEIjuEUPLiAKtxCDerAYADP8ApvjnBenHfnY96ac7KZQ/gD5/MH0CCNfA==</latexit>

q < 1
<latexit sha1_base64="eLEvBjEpEWVt9ufUsG3Hkutq+HE=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0MYyovmA5Ah7m0myZG/v3N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXhALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6GbqN59QaR7JBzOO0Q/pQPI+Z9RY6f7xyusWS27ZnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/OTp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6N+lxhcyIsSWUKW5vJWxIFWXGplOwIXiLLy+TRqXsnZUrd+el6nUWRx6O4BhOwYMLqMIt1KAODAbwDK/w5gjnxXl3PuatOSebOYQ/cD5/AM0WjXo=</latexit>

Soft axions, large 
number density 

Hard axions, small 
number density 



Ø Expect a logarithmic 
growth on the spectral 
index 

Ø Most of DM axions are 
produced at last Hubble 
time

Ø Spectral index at QCDPT 
determines number  
density of DM axions

Dine et al. [2012.13065]

q = q(log)
<latexit sha1_base64="u/8mnqikR1UdvBjWBZLRxC/JXZE=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9mtgl6EohePFeyHtEvJptk2NMluk6xQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v52V1bX1jc3cVn57Z3dvv3Bw2NBRogitk4hHqhVgTTmTtG6Y4bQVK4pFwGkzGN5O/eYTVZpF8sGMY+oL3JcsZAQbKz2OrkelDo/6Z91C0S27M6Bl4mWkCBlq3cJXpxeRRFBpCMdatz03Nn6KlWGE00m+k2gaYzLEfdq2VGJBtZ/ODp6gU6v0UBgpW9Kgmfp7IsVC67EIbKfAZqAXvan4n9dOTHjlp0zGiaGSzBeFCUcmQtPvUY8pSgwfW4KJYvZWRAZYYWJsRnkbgrf48jJpVMreeblyf1Gs3mRx5OAYTqAEHlxCFe6gBnUgIOAZXuHNUc6L8+58zFtXnGzmCP7A+fwBByuP5g==</latexit>



Case q > 1
<latexit sha1_base64="dALDvImC3Hhoi588AGC0eAvp5MA=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT1J0YvHCvYD2qVk02wbmmTXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGCTSY/XyBuUK27VnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeGVnzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSrlW9i2rtvl5p3ORxFOEETuEcPLiEBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHJmaNpg==</latexit>

1. Evidence of running in the spectral index, linear 
extrapolation could give reasonable result Gorghetto et al. [2007.04990]

2. Axion strings approach the ‘thin string’ limit (Nambu-Goto strings)
Agreement with recent work by Drew and Shellard [1910.01718]



Case 
1. Evidence of running in the spectral index, linear 

extrapolation could give reasonable result Gorghetto et al. [2007.04990]

2. Axion strings approach the ‘thin string’ limit (Nambu-Goto strings)
Agreement with recent work by Drew and Shellard [1910.01718]

q > 1
<latexit sha1_base64="dALDvImC3Hhoi588AGC0eAvp5MA=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT1J0YvHCvYD2qVk02wbmmTXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGCTSY/XyBuUK27VnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeGVnzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSrlW9i2rtvl5p3ORxFOEETuEcPLiEBtxBE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHJmaNpg==</latexit>



Case q . 1
<latexit sha1_base64="7jhhy8MrRPu4sSzxSuwz200kry8=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZD5rHOzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1H3ucGmOYQEG/XPGr/hxolQQ5qUCORr/81RsokgoqLeHYmG7gJzbMsLaMcDot9VJDE0zGeEi7jkosqAmz+clTdOaUAYqVdiUtmqu/JzIsjJmIyHUKbEdm2ZuJ/3nd1MbXYcZkkloqyWJRnHJkFZr9jwZMU2L5xBFMNHO3IjLCGhPrUiq5EILll1dJq1YNLqq1+8tK/SaPowgncArnEMAV1OEOGtAEAgqe4RXePOu9eO/ex6K14OUzx/AH3ucP94WRCg==</latexit>

• String tension is IR divergent and 
requires careful definition 

• Enhancement in string density does 
not necessarily lead to enhanced 
axion number density 

• IR cutoff suppresses low momentum 
axions

• Numerical evidence for circular 
strings with 

• Only field simulations of string 
network is reliable

Dine et al. [2012.13065]

q ⇡ 1
<latexit sha1_base64="DbQS5evORG0kThDtGzsiy+89axw=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LXjxWsB/YLiWbpm1oNolJVixL/4UXD4p49d9489+YtnvQ1gcDj/dmmJkXKc6M9f1vL7eyura+kd8sbG3v7O4V9w8aRiaa0DqRXOpWhA3lTNC6ZZbTltIUxxGnzWh0PfWbj1QbJsWdHSsaxnggWJ8RbJ10/9DBSmn5hIJuseSX/RnQMgkyUoIMtW7xq9OTJImpsIRjY9qBr2yYYm0Z4XRS6CSGKkxGeEDbjgocUxOms4sn6MQpPdSX2pWwaKb+nkhxbMw4jlxnjO3QLHpT8T+vndj+ZZgyoRJLBZkv6iccWYmm76Me05RYPnYEE83crYgMscbEupAKLoRg8eVl0qiUg7Ny5fa8VL3K4sjDERzDKQRwAVW4gRrUgYCAZ3iFN894L9679zFvzXnZzCH8gff5AzOxkJo=</latexit>



How to extend simulation range?

v Adaptive mesh refinement (AMR) might 
be the answer 

v Adaptive space step

v Reach up to 

v Drew and Shellard implemented for a 

single string

v Extend to axion string network

�x
p

(r�1)2 + (r�2)2 > |�thr|
<latexit sha1_base64="VBJUAjwXgRVG7bJpnPLW6VLDYDw="></latexit>

log ⇡ 14
<latexit sha1_base64="vg1FjiWNRMDOMlTgtBZBk7MW0/k=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4Kru1oMeiF48V7Ae0S8mm2TY0m8QkWyylv8OLB0W8+mO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1ndvJ7+7tHxwWjo4bRqaa0DqRXOpWhA3lTNC6ZZbTltIUJxGnzWh4O/ObI6oNk+LBjhUNE9wXLGYEWyeFXPY7WCktn1BQ6RaKfsmfA62SICNFyFDrFr46PUnShApLODamHfjKhhOsLSOcTvOd1FCFyRD3adtRgRNqwsn86Ck6d0oPxVK7EhbN1d8TE5wYM04i15lgOzDL3kz8z2unNr4OJ0yo1FJBFovilCMr0SwB1GOaEsvHjmCimbsVkQHWmFiXU96FECy/vEoa5VJwWSrfV4rVmyyOHJzCGVxAAFdQhTuoQR0IPMIzvMKbN/JevHfvY9G65mUzJ/AH3ucPO3SRvQ==</latexit>

Drew, Shellard [1910.01718]
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q . 1
<latexit sha1_base64="JA7UDF6/EjwxOfltcfJ0/Avgyv8=">AAACB3icdVC7SgNBFJ2Nrxhf0ZQ2g0GwWnYT1KQL2FhGMA9IljA7ezcZMvtwZlYISz7AD7DV1s5ObAUr/8AvsPYPnDwEI3rgwuGce7n3XDfmTCrLejcyS8srq2vZ9dzG5tb2Tn53rymjRFBo0IhHou0SCZyF0FBMcWjHAkjgcmi5w7OJ37oGIVkUXqpRDE5A+iHzGSVKS52rLgcpJQuw3csXLfPYsqsnFrZMa4opqdhlG9tzpVgrfL6W3loP9V7+o+tFNAkgVJQTKTu2FSsnJUIxymGc6yYSYkKHpA8dTUMSgHTS6cljfKgVD/uR0BUqPFV/TqQkkHIUuLozIGogf3sT8S+vkyi/4qQsjBMFIZ0t8hOOVYQn+bHHBFDFR5oQKpi+FdMBEYQq/aWFLVKHGoA3zunPfMfH/5NmybTLZulCv6iKZsiifXSAjpCNTlENnaM6aiCKInSL7tC9cWM8Gk/G86w1Y8xnCmgBxssXAP2d+w==</latexit>
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