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Notation and conventions

ρ

V

σ

V

U(1)PQ spontaneously broken

U(1)PQ explicitly broken

  in this talk is a generic ALP,
not the QCD axion.
�

<latexit sha1_base64="a3PuNAxQUN+A9m3eFRaTj1oS+ag=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQQ8eAl48RjAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDvz209UG6bkg50kNBR4KFnMCLZOavUMGwrcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5vfjyE=</latexit>

ds2 = �dt2 + a(t)2d~x2
<latexit sha1_base64="Pi/9P9KBvPEllktV5lUgdeew8XU=">AAACCXicbZDLSgMxFIYz9VbrrerSTbAIFbHMVEEXCgU3LivYC7TTkslk2tDMheRMsQzduvFV3LhQxK1v4M63MW1noa0HQj7+/xyS8zuR4ApM89vILC2vrK5l13Mbm1vbO/ndvboKY0lZjYYilE2HKCZ4wGrAQbBmJBnxHcEazuBm4jeGTCoeBvcwipjtk17APU4JaKmbx67qlPE1PnVB3yeYFOFYg4vbQ0bxQ6fczRfMkjktvAhWCgWUVrWb/2q7IY19FgAVRKmWZUZgJ0QCp4KNc+1YsYjQAemxlsaA+EzZyXSTMT7Siou9UOoTAJ6qvycS4is18h3d6RPoq3lvIv7ntWLwLu2EB1EMLKCzh7xYYAjxJBbscskoiJEGQiXXf8W0TyShoMPL6RCs+ZUXoV4uWWel8t15oXKVxpFFB+gQFZGFLlAF3aIqqiGKHtEzekVvxpPxYrwbH7PWjJHO7KM/ZXz+AFJQluk=</latexit>
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<latexit sha1_base64="/ODQ8+Af5Qi2C/eIqIWMxDulap8="></latexit>

V (�) = (|�|2 � f2)2
<latexit sha1_base64="wOV0uboNpTrsm6kdlogoE86w4qY=">AAACBXicbZDLSsNAFIYnXmu9RV3qYrAI7cKSREEXCgU3LivYC7RpmUwn7dDJJMxMhJJ248ZXceNCEbe+gzvfxkmbhbb+MPDxn3M4c34vYlQqy/o2lpZXVtfWcxv5za3tnV1zb78uw1hgUsMhC0XTQ5IwyklNUcVIMxIEBR4jDW94k9YbD0RIGvJ7NYqIG6A+pz7FSGmrax7Vi+3qgJbgNSyOUxp3HHgK/Y5T6jhds2CVrangItgZFECmatf8avdCHAeEK8yQlC3bipSbIKEoZmSSb8eSRAgPUZ+0NHIUEOkm0ysm8EQ7PeiHQj+u4NT9PZGgQMpR4OnOAKmBnK+l5n+1Vqz8SzehPIoV4Xi2yI8ZVCFMI4E9KghWbKQBYUH1XyEeIIGw0sHldQj2/MmLUHfK9lnZuTsvVK6yOHLgEByDIrDBBaiAW1AFNYDBI3gGr+DNeDJejHfjY9a6ZGQzB+CPjM8f/PyVqw==</latexit>

� = ⇢ei�/f
<latexit sha1_base64="vAUeaMqKJKWErricLKPm0aNOrus=">AAACBXicbVC7SgNBFJ31GeNr1VKLwSBYxd0oaKEQsLGMYB6QXcPsZDY7ZB7LzKwQljQ2/oqNhSK2/oOdf+PkUWjigQuHc+7l3nuilFFtPO/bWVhcWl5ZLawV1zc2t7bdnd2GlpnCpI4lk6oVIU0YFaRuqGGklSqCeMRIM+pfj/zmA1GaSnFnBikJOeoJGlOMjJU67kFQSyi8goFKJCT3OYWBpj2O4AmMhx235JW9MeA88aekBKaoddyvoCtxxokwmCGt276XmjBHylDMyLAYZJqkCPdRj7QtFYgTHebjL4bwyCpdGEtlSxg4Vn9P5IhrPeCR7eTIJHrWG4n/ee3MxBdhTkWaGSLwZFGcMWgkHEUCu1QRbNjAEoQVtbdCnCCFsLHBFW0I/uzL86RRKfun5crtWal6OY2jAPbBITgGPjgHVXADaqAOMHgEz+AVvDlPzovz7nxMWhec6cwe+APn8wcZ/5cG</latexit>
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Axion dark matter - 1
TRH > f

<latexit sha1_base64="09jgxdW2u7GIPsyCiUqaFP49CCY=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0JMUvfRYpV/QriWbZtvQJLskWaUs/R9ePCji1f/izX9j2u5BWx8MPN6bYWZeEHOmjet+Oyura+sbm7mt/PbO7t5+4eCwqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywup36rUeqNItk3Yxj6gs8kCxkBBsrPdR7aVcJdF+doGsU9gpFt+TOgJaJl5EiZKj1Cl/dfkQSQaUhHGvd8dzY+ClWhhFOJ/luommMyQgPaMdSiQXVfjq7eoJOrdJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4ZWfMhknhkoyXxQmHJkITSNAfaYoMXxsCSaK2VsRGWKFibFB5W0I3uLLy6RZLnnnpfLdRbFyk8WRg2M4gTPw4BIqUIUaNICAgmd4hTfnyXlx3p2PeeuKk80cwR84nz8KlZGO</latexit>

ρ

V

Φ

V

T ⇠ f
<latexit sha1_base64="L2SpH7ROObnYqzE20218C5Ev9JM=">AAAB73icbVBNSwMxEJ34WetX1aOXYBE8ld0q6MFDwYvHCv2CdinZNNuGJtk1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwkRwYz3vG62tb2xubRd2irt7+weHpaPjlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+G7mt5+YNjxWDTtJWCDJUPGIU2Kd1GngnuESR/1S2at4c+BV4uekDDnq/dJXbxDTVDJlqSDGdH0vsUFGtOVUsGmxlxqWEDomQ9Z1VBHJTJDN753ic6cMcBRrV8riufp7IiPSmIkMXackdmSWvZn4n9dNbXQTZFwlqWWKLhZFqcA2xrPn8YBrRq2YOEKo5u5WTEdEE2pdREUXgr/88ippVSv+ZaX6cFWu3eZxFOAUzuACfLiGGtxDHZpAQcAzvMIbekQv6B19LFrXUD5zAn+APn8ANF+PZw==</latexit>

PQ phase transition

Relic axions from misalignment and from axionic strings

Abundance calculable in principle, technically difficult in practice
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Axion dark matter - 2

stuck during inflation

σ

V

m� ⌧
p

m�f ⌧ Max[HI , TRH] < f
<latexit sha1_base64="Xa8Zz/G5Uu6dQhK7QoNARzqJ2b8="></latexit>

�⇤<latexit sha1_base64="XF4a7NUGMG783nw9U007yF+9uoM=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDEQ9iNgh48BLx4jGAekCxhdjKbDJnHOjMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFSWcGev7397K6tr6xmZhq7i9s7u3Xzo4bBqVakIbRHGl2xE2lDNJG5ZZTtuJplhEnLai0e3Ubz1RbZiSD3ac0FDggWQxI9g6qd01bCBw77xXKvsVfwa0TIKclCFHvVf66vYVSQWVlnBsTCfwExtmWFtGOJ0Uu6mhCSYjPKAdRyUW1ITZ7N4JOnVKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauPrMGMySS2VZL4oTjmyCk2fR32mKbF87AgmmrlbERlijYl1ERVdCMHiy8ukWa0EF5Xq/WW5dpPHUYBjOIEzCOAKanAHdWgAAQ7P8Apv3qP34r17H/PWFS+fOYI/8D5/ALqpj74=</latexit>

�̈ + 3H�̇ +m
2
�� = 0

<latexit sha1_base64="1mOH6+4EGfxGocS6BzLjNp3UXn8=">AAACHnicbVDNS8MwHE39nPOr6tFLcAiCMNpN0YPCwMuOE9wHrLWkabqFJW1JUmGU/SVe/Fe8eFBE8KT/jdlWRTcfBB7vvV+S3/MTRqWyrE9jYXFpeWW1sFZc39jc2jZ3dlsyTgUmTRyzWHR8JAmjEWkqqhjpJIIg7jPS9gdXY799R4SkcXSjhglxOepFNKQYKS155qkTBLGCjqQ9juAxrMI6dLTyI3BvSm8r36FLaHlmySpbE8B5YuekBHI0PPNdX4pTTiKFGZKya1uJcjMkFMWMjIpOKkmC8AD1SFfTCHEi3Wyy3ggeaiWAYSz0iRScqL8nMsSlHHJfJzlSfTnrjcX/vG6qwnM3o1GSKhLh6UNhyqCK4bgrGFBBsGJDTRAWVP8V4j4SCCvdaFGXYM+uPE9albJdLVeuT0q1i7yOAtgHB+AI2OAM1EAdNEATYHAPHsEzeDEejCfj1XibRheMfGYP/IHx8QUZKZ/z</latexit>

�⇡ <
�⇤
f

⌘ ✓⇤ < ⇡
<latexit sha1_base64="tG4vkEhAoxZSvPtYYVFsDBSZ17E=">AAACGHicbVC7SgNBFJ2NrxhfUUubwSCIYNyNghYpAjaWEcwDsiHMTu4mQ2YfztwNhCWfYeOv2FgoYpvOv3HyKDR6YOBwzrncuceLpdBo219WZmV1bX0ju5nb2t7Z3cvvH9R1lCgONR7JSDU9pkGKEGooUEIzVsACT0LDG9xO/cYQlBZR+ICjGNoB64XCF5yhkTr5i3M3FrRMXV8xnrpa9ALWORun/pi68JiIIXWxD2i0aSgWnXzBLtoz0L/EWZACWaDayU/cbsSTAELkkmndcuwY2ylTKLiEcc5NNMSMD1gPWoaGLADdTmeHjemJUbrUj5R5IdKZ+nMiZYHWo8AzyYBhXy97U/E/r5Wgf9NORRgnCCGfL/ITSTGi05ZoVyjgKEeGMK6E+SvlfWYqQtNlzpTgLJ/8l9RLReeyWLq/KlTKizqy5Igck1PikGtSIXekSmqEkyfyQt7Iu/VsvVof1uc8mrEWM4fkF6zJN/VYnxM=</latexit>

incalculable✓⇤<latexit sha1_base64="DoJihUj0jU+uThqj6H+MH1qEi1U=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhDEItxFQQuLgI1lBPMByRH2NnvJkr29c3dOCEf+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEihUHX/XZWVtfWNzYLW8Xtnd29/dLBYdPEqWa8wWIZ63ZADZdC8QYKlLydaE6jQPJWMLqd+q0nro2I1QOOE+5HdKBEKBhFK7W7OORIe+e9UtmtuDOQZeLlpAw56r3SV7cfszTiCpmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LFU04sbPZvdOyKlV+iSMtS2FZKb+nshoZMw4CmxnRHFoFr2p+J/XSTG89jOhkhS5YvNFYSoJxmT6POkLzRnKsSWUaWFvJWxINWVoIyraELzFl5dJs1rxLirV+8ty7SaPowDHcAJn4MEV1OAO6tAABhKe4RXenEfnxXl3PuatK04+cwR/4Hz+AMJLj8M=</latexit>

⌦� ⇠ 0.1⇥
✓

✓?f

1017 GeV

◆2 ⇣ m�

10�22 eV

⌘1/2

<latexit sha1_base64="Hvs2opZHmYgvjJsLziwePAp+jFE="></latexit>

Starts oscillating when H ⇡ T
2

MP
⇡ m�

<latexit sha1_base64="0AiTUYGsCk3vADZ+bccxMOx0jbA=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQFyWpgi5cFNx0I1ToC5oYJtNJO3QmCTMTsYT8gxt/xY0LRdy6ceffOG2DaOuBC4dz7uXee/yYUaks68soLC2vrK4V10sbm1vbO+buXltGicCkhSMWia6PJGE0JC1FFSPdWBDEfUY6/uhq4nfuiJA0CptqHBOXo0FIA4qR0pJnntShg+JYRPfQCQTCafO2mqXXXiP70bnnSDrgyDPLVsWaAi4SOydlkKPhmZ9OP8IJJ6HCDEnZs61YuSkSimJGspKTSBIjPEID0tM0RJxIN53+lMEjrfRhEAldoYJT9fdEiriUY+7rTo7UUM57E/E/r5eo4MJNaRgnioR4tihIGFQRnAQE+1QQrNhYE4QF1bdCPEQ6GqVjLOkQ7PmXF0m7WrFPK9Wbs3LtMo+jCA7AITgGNjgHNVAHDdACGDyAJ/ACXo1H49l4M95nrQUjn9kHf2B8fAOkzZ4C</latexit>

The energy density of the coherent oscillating field redshifts like matter
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Axion dark matter - 3

σ

V
during inflation

classical motion

�̈ + 3H�̇ +m
2
�� = 0

<latexit sha1_base64="1mOH6+4EGfxGocS6BzLjNp3UXn8=">AAACHnicbVDNS8MwHE39nPOr6tFLcAiCMNpN0YPCwMuOE9wHrLWkabqFJW1JUmGU/SVe/Fe8eFBE8KT/jdlWRTcfBB7vvV+S3/MTRqWyrE9jYXFpeWW1sFZc39jc2jZ3dlsyTgUmTRyzWHR8JAmjEWkqqhjpJIIg7jPS9gdXY799R4SkcXSjhglxOepFNKQYKS155qkTBLGCjqQ9juAxrMI6dLTyI3BvSm8r36FLaHlmySpbE8B5YuekBHI0PPNdX4pTTiKFGZKya1uJcjMkFMWMjIpOKkmC8AD1SFfTCHEi3Wyy3ggeaiWAYSz0iRScqL8nMsSlHHJfJzlSfTnrjcX/vG6qwnM3o1GSKhLh6UNhyqCK4bgrGFBBsGJDTRAWVP8V4j4SCCvdaFGXYM+uPE9albJdLVeuT0q1i7yOAtgHB+AI2OAM1EAdNEATYHAPHsEzeDEejCfj1XibRheMfGYP/IHx8QUZKZ/z</latexit>

HI ⌧ m� ⌧
p
m�f ⌧ f

<latexit sha1_base64="TVoSLtFa1vc3OOyhH2bYKwSTHP4=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2AR3FhmqqDLopu6q2Av0ClDJs20oUlmTDJCGfoUbnwVNy4UcSvufBvT6SDa+kPgz3fOITl/EDOqtON8WYWl5ZXVteJ6aWNza3vH3t1rqSiRmDRxxCLZCZAijArS1FQz0oklQTxgpB2Mrqb19j2RikbiVo9j0uNoIGhIMdIG+fZJ3b+GHmOQ+56iA46yC/TUndTpDwsnGQ59u+xUnExw0bi5KYNcDd/+9PoRTjgRGjOkVNd1Yt1LkdQUMzIpeYkiMcIjNCBdYwXiRPXSbK0JPDKkD8NImiM0zOjviRRxpcY8MJ0c6aGar03hf7VuosOLXkpFnGgi8OyhMGFQR3CaEexTSbBmY2MQltT8FeIhkghrk2TJhODOr7xoWtWKe1qp3pyVa5d5HEVwAA7BMXDBOaiBOmiAJsDgATyBF/BqPVrP1pv1PmstWPnMPvgj6+MbgYmeWQ==</latexit>

�(t) ⇡ e�
3
2HIt cos(m�t) ! 0

<latexit sha1_base64="I1OsqO/bZsr+NBtl4+RUKGxvNXc="></latexit>
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Axion dark matter - 3

σ

V
during inflation

classical motion

�̈ + 3H�̇ +m
2
�� = 0

<latexit sha1_base64="1mOH6+4EGfxGocS6BzLjNp3UXn8=">AAACHnicbVDNS8MwHE39nPOr6tFLcAiCMNpN0YPCwMuOE9wHrLWkabqFJW1JUmGU/SVe/Fe8eFBE8KT/jdlWRTcfBB7vvV+S3/MTRqWyrE9jYXFpeWW1sFZc39jc2jZ3dlsyTgUmTRyzWHR8JAmjEWkqqhjpJIIg7jPS9gdXY799R4SkcXSjhglxOepFNKQYKS155qkTBLGCjqQ9juAxrMI6dLTyI3BvSm8r36FLaHlmySpbE8B5YuekBHI0PPNdX4pTTiKFGZKya1uJcjMkFMWMjIpOKkmC8AD1SFfTCHEi3Wyy3ggeaiWAYSz0iRScqL8nMsSlHHJfJzlSfTnrjcX/vG6qwnM3o1GSKhLh6UNhyqCK4bgrGFBBsGJDTRAWVP8V4j4SCCvdaFGXYM+uPE9albJdLVeuT0q1i7yOAtgHB+AI2OAM1EAdNEATYHAPHsEzeDEejCfj1XibRheMfGYP/IHx8QUZKZ/z</latexit>

HI ⌧ m� ⌧
p
m�f ⌧ f

<latexit sha1_base64="TVoSLtFa1vc3OOyhH2bYKwSTHP4=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2AR3FhmqqDLopu6q2Av0ClDJs20oUlmTDJCGfoUbnwVNy4UcSvufBvT6SDa+kPgz3fOITl/EDOqtON8WYWl5ZXVteJ6aWNza3vH3t1rqSiRmDRxxCLZCZAijArS1FQz0oklQTxgpB2Mrqb19j2RikbiVo9j0uNoIGhIMdIG+fZJ3b+GHmOQ+56iA46yC/TUndTpDwsnGQ59u+xUnExw0bi5KYNcDd/+9PoRTjgRGjOkVNd1Yt1LkdQUMzIpeYkiMcIjNCBdYwXiRPXSbK0JPDKkD8NImiM0zOjviRRxpcY8MJ0c6aGar03hf7VuosOLXkpFnGgi8OyhMGFQR3CaEexTSbBmY2MQltT8FeIhkghrk2TJhODOr7xoWtWKe1qp3pyVa5d5HEVwAA7BMXDBOaiBOmiAJsDgATyBF/BqPVrP1pv1PmstWPnMPvgj6+MbgYmeWQ==</latexit>

�(t) ⇡ e�
3
2HIt cos(m�t) ! 0

<latexit sha1_base64="I1OsqO/bZsr+NBtl4+RUKGxvNXc="></latexit>

No axion dark matter

But

What drives inflation?
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V (�)
<latexit sha1_base64="paMwo2v7/x2QbJLnDgSKPOcUS34="></latexit>

�
<latexit sha1_base64="d9pZrpOhz9Gvrt6Th3mS12BCAqY="></latexit>

�end
<latexit sha1_base64="ax/extiCpwzRB7elmftKavD7UdY="></latexit>

inflation
<latexit sha1_base64="vM5b3Ry/0XH/K/RRWIBUYvvI3Hs="></latexit>

1

2
m2

��
2

<latexit sha1_base64="SarLzKqoJUpOpM9Otq2Jj6tNZp4="></latexit>

Why wouldn’t the inflaton and the axion couple?

� Lp
�g

=
1

2
gµ⌫(@µ�@⌫� + @µ�@⌫�+ 2↵@µ�@⌫�) +

1

2
m2

��
2 + V (�)

<latexit sha1_base64="+wTCplpXGUKU+VyuSCF2fw6QMO0="></latexit>

Kinetic mixing
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Exact equations of motion

(1� ↵
2)(�̈ + 3H�̇) = ↵V

0(�)�m
2
��,

(1� ↵
2)(�̈+ 3H�̇) = �V

0(�) + ↵m
2
��

<latexit sha1_base64="CaKx+9QgeT7qzmEgLPRmWHmLiYY="></latexit>

� =
↵V

0(�)

m2
�

�̈+ 3H�̇+ V
0(�) = 0 ! �̇ ⇡ �V

0(�)

3H
<latexit sha1_base64="Jc4aaomQ1z1sXFxk2pAVVq+CnhM="></latexit>

Attractor:

Single field inflation

�̇ = �̈ = 0
<latexit sha1_base64="u0V66/Slw09lHnM5u+poQrMnZCQ=">AAACB3icbVDLSgMxFL1TX7W+Rl0KEiyCqzJTBV0oFNy4rGAf0BlKJpNpQ5OZIckIpXTnxl9x40IRt/6CO//GtJ2FbT0QODnn3pvcE6ScKe04P1ZhZXVtfaO4Wdra3tnds/cPmirJJKENkvBEtgOsKGcxbWimOW2nkmIRcNoKBrcTv/VIpWJJ/KCHKfUF7sUsYgRrI3XtYy9MNPIU6wmMbpAXzl2drl12Ks4UaJm4OSlDjnrX/jYDSSZorAnHSnVcJ9X+CEvNCKfjkpcpmmIywD3aMTTGgip/NN1jjE6NEqIokebEGk3Vvx0jLJQaisBUCqz7atGbiP95nUxHV/6IxWmmaUxmD0UZRzpBk1BQyCQlmg8NwUQy81dE+lhiok10JROCu7jyMmlWK+55pXp/Ua5d53EU4QhO4AxcuIQa3EEdGkDgCV7gDd6tZ+vV+rA+Z6UFK+85hDlYX7+AypfD</latexit>
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V (�)
<latexit sha1_base64="paMwo2v7/x2QbJLnDgSKPOcUS34="></latexit>

�
<latexit sha1_base64="d9pZrpOhz9Gvrt6Th3mS12BCAqY="></latexit>

�end
<latexit sha1_base64="ax/extiCpwzRB7elmftKavD7UdY="></latexit>

inflation
<latexit sha1_base64="vM5b3Ry/0XH/K/RRWIBUYvvI3Hs="></latexit>

1

2
m2

��
2

<latexit sha1_base64="SarLzKqoJUpOpM9Otq2Jj6tNZp4="></latexit>

m2
� � V 00(�)

<latexit sha1_base64="c7HBkodFAbL8LZ6E68ejYOzFRvY=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSzSuilJFXThouDGZQX7gCaGyXSaDp2ZhJmJUELd+CtuXCji1r9w5984bbPQ1gMXDufcy733hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4fXEbz8QqWgs7vQoIT5HkaB9ipE2UmAf8sBTNOLovga9KIKtcrniJQN6Gtglp+pMAReJm5MSyNEI7C+vF+OUE6ExQ0p1XSfRfoakppiRcdFLFUkQHqKIdA0ViBPlZ9MPxvDEKD3Yj6UpoeFU/T2RIa7UiIemkyM9UPPeRPzP66a6f+lnVCSpJgLPFvVTBnUMJ3HAHpUEazYyBGFJza0QD5BEWJvQiiYEd/7lRdKqVd2zau32vFS/yuMogCNwDCrABRegDm5AAzQBBo/gGbyCN+vJerHerY9Z65KVzxyAP7A+fwAin5Ve</latexit>

m2
� ⌧ m2

�
<latexit sha1_base64="Sn48A14hAodfMF5ujJT7l4npu6Y=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWZUdCFi4IblxXsAzrTIZNm2tAkMyQZoQx146+4caGIW//CnX9j2s5CWw9cODnnXnLviVJGlXacb6u0srq2vlHerGxt7+zu2fsHLZVkEpMmTlgiOxFShFFBmppqRjqpJIhHjLSj0c3Ubz8QqWgi7vU4JQFHA0FjipE2Umgf8dBXdMBRz4M+YxCadzqkPS+0q07NmQEuE7cgVVCgEdpffj/BGSdCY4aU6rpOqoMcSU0xI5OKnymSIjxCA9I1VCBOVJDPLpjAU6P0YZxIU0LDmfp7IkdcqTGPTCdHeqgWvan4n9fNdHwV5FSkmSYCzz+KMwZ1AqdxwD6VBGs2NgRhSc2uEA+RRFib0ComBHfx5GXS8mruec27u6jWr4s4yuAYnIAz4IJLUAe3oAGaAINH8AxewZv1ZL1Y79bHvLVkFTOH4A+szx8BmJXv</latexit>

Reheating

Diagonal basis

'DM ' ↵�+ �, 'RH '
p
1� ↵2

 
�� ↵

m2

�

m2

�

�

!

<latexit sha1_base64="C8RYm1nssWT0gMGC4eV4M69O8ZQ="></latexit>

m2

DM
' m2

�, m2

RH
'

m2

�

1� ↵2
<latexit sha1_base64="AWi0CoS8R+4X6VbKbvCqZ67aSYE="></latexit>

'̈i + 3H'̇i +m
2
i'i = 0

<latexit sha1_base64="7lPiPTPrD376q+RYpLF73/9JAts=">AAACIXicbVDNS8MwHE39nPOr6tFLcAiCMNpNcAeFgZcdJ7gPWGtJ03QLS9OSpINR9q948V/x4kGR3cR/xmzrYW4+CDzee78kv+cnjEplWd/GxubW9s5uYa+4f3B4dGyenLZlnApMWjhmsej6SBJGOWkpqhjpJoKgyGek4w8fZn5nRISkMX9S44S4EepzGlKMlJY8s+YEQaygM0IiGVCPwmtYbUBHa8tS5NHnylLoHlqeWbLK1hxwndg5KYEcTc+c6ltxGhGuMENS9mwrUW6GhKKYkUnRSSVJEB6iPulpylFEpJvNN5zAS60EMIyFPlzBubo8kaFIynHk62SE1ECuejPxP6+XqrDmZpQnqSIcLx4KUwZVDGd1wYAKghUba4KwoPqvEA+QQFjpUou6BHt15XXSrpTtarnyeFOq3+V1FMA5uABXwAa3oA4aoAlaAIMX8AY+wKfxarwbX8Z0Ed0w8pkz8AfGzy9MfKGw</latexit>
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Reheating
G���

4
�FF̃

<latexit sha1_base64="D7YnI0WyeWIFOg/V5ImY4aAlkZU=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VwY0lqQRcuCkJ1WcE+oAlhMp20Q2eSMDMRSshXuPFX3LhQxK2482+ctFlo64F7OZxzLzP3+DGjUlnWt1FaWV1b3yhvVra2d3b3zP2DrowSgUkHRywSfR9JwmhIOooqRvqxIIj7jPT8yXXu9x6IkDQK79U0Ji5Ho5AGFCOlJc88cwKBcHrjpU48ps4IcY7mPcvSRgZzFbYcRdmQwJZnVq2aNQNcJnZBqqBA2zO/nGGEE05ChRmScmBbsXJTJBTFjGQVJ5EkRniCRmSgaYg4kW46OyuDJ1oZwiASukIFZ+rvjRRxKafc15McqbFc9HLxP2+QqODSTWkYJ4qEeP5QkDCoIphnBIdUEKzYVBOEBdV/hXiMdE5KJ1nRIdiLJy+Tbr1mn9fqd41q86qIowyOwDE4BTa4AE1wC9qgAzB4BM/gFbwZT8aL8W58zEdLRrFzCP7A+PwBZwWfdw==</latexit>

Due to kinetic mixing, the axion also has a decay channel

�('DM ! ��) ' ↵2
G2

���

64⇡

m7

�

m4

�

, �('RH ! ��) ' 1

(1� ↵2)5/2
G2

���

64⇡
m3

�
<latexit sha1_base64="x1ggH6BlUyIcpkLZibRaX2KO/z0="></latexit>

3M2

p�
2

RH
= 3M2

pH
2

reh
=

⇡
2

30
g⇤(Treh)T

4

reh
<latexit sha1_base64="jxrhNyXhO01TFydrCgryCOK0+ko="></latexit>

⌦DM ' C
2
↵
2

6

m
2
�

m
2
�

H
2
reh

H
2
0

s0

sreh
⇠ 10�2

↵
2m

2
�

m
2
�

✓
Hreh

H0

◆1/2

<latexit sha1_base64="gUvsjmhQtg4Lgcw/DpBY+T9its0="></latexit>

Final relic abundance



Lorenzo Ubaldi Inflaxion11

Parameter space

�

�

�� ��

-10 -5 0 5 10
-2

0

2

4

6

8

10

log10( mσ [eV] )

lo
g 1
0(
T
re
h
[G
eV

]
) m

�
<
H
in
f

<latexit sha1_base64="JC8mNOTqqnyniI1x9DZfKHaSQKw=">AAACBHicdVDLSgMxFM3UV62vqstugkVwVTJ92C5cFNx0WcHWQqcMmTTThiYzQ5IRyjALN/6KGxeKuPUj3Pk3ZtoKKnogcDjnXnLP8SLOlEbow8qtrW9sbuW3Czu7e/sHxcOjvgpjSWiPhDyUAw8ryllAe5ppTgeRpFh4nN54s8vMv7mlUrEwuNbziI4EngTMZwRrI7nFknAdxSYCwwvYcRNHYD2VImGBn6ZusYwqqF5DzQZElVq12WrYhiBUs5vn0DYkQxms0HWL7844JLGggSYcKzW0UaRHCZaaEU7TghMrGmEywxM6NDTAgqpRsgiRwlOjjKEfSvMCDRfq940EC6XmwjOT2ZHqt5eJf3nDWPutkUkUxZoGZPmRH3OoQ5g1AsdMUqL53BBMJDO3QjLFEhNteiuYEr6Swv9Jv1qxa5XqVb3crq/qyIMSOAFnwAZN0AYd0AU9QMAdeABP4Nm6tx6tF+t1OZqzVjvH4Aest08Srphb</latexit>

�
R
H
<

H
in
f

<latexit sha1_base64="klJZa1P1rN6QjlGHTCrR7Uewvk0=">AAACEHicdVDLSsNAFJ3UV62vqEs3g0V0VdIaqAsXBRd2WcU+oAllMp20Q2eSMDMRSsgnuPFX3LhQxK1Ld/6NkzZiFT0wcDjnXuae40WMSmVZH0ZhaXllda24XtrY3NreMXf3OjKMBSZtHLJQ9DwkCaMBaSuqGOlFgiDuMdL1JheZ370lQtIwuFHTiLgcjQLqU4yUlgbmsXOJOEeDxOFIjQVPrptpCs9h81uhgZ+mA7NsVawZ4AKx65Zt12A1V8ogR2tgvjvDEMecBAozJGW/akXKTZBQFDOSlpxYkgjhCRqRvqYB4kS6ySxQCo+0MoR+KPQLFJypixsJ4lJOuacnsyPlby8T//L6sfLPXJ0oihUJ8PwjP2ZQhTBrBw6pIFixqSYIC6pvhXiMBMJKd1jSJXwlhf+TTq1SPa3Uruxyw87rKIIDcAhOQBXUQQM0QQu0AQZ34AE8gWfj3ng0XozX+WjByHf2wQ8Yb5+CTp1+</latexit>

�
D
M

>
H

0
<latexit sha1_base64="WFLlK3lKVdHwKBjJYomRY5eEiWM=">AAACA3icdVDLSgMxFM34rPVVdaebYBFclZl2bOtGCgp2I1SwD2jLkEnTNjTJDElGKMOAG3/FjQtF3PoT7vwb04egogcuHM65l3vv8UNGlbbtD2thcWl5ZTW1ll7f2NzazuzsNlQQSUzqOGCBbPlIEUYFqWuqGWmFkiDuM9L0R+cTv3lLpKKBuNHjkHQ5GgjapxhpI3mZ/c4l4hx5cYcjPZQ8vrhKEngGq57tZbJ2zi26xVIB2jl7iikpnp6UoTNXsmCOmpd57/QCHHEiNGZIqbZjh7obI6kpZiRJdyJFQoRHaEDahgrEierG0x8SeGSUHuwH0pTQcKp+n4gRV2rMfdM5uVT99ibiX1470v1yN6YijDQReLaoHzGoAzgJBPaoJFizsSEIS2puhXiIJMLaxJY2IXx9Cv8njXzOKeTy12624s7jSIEDcAiOgQNKoAKqoAbqAIM78ACewLN1bz1aL9brrHXBms/sgR+w3j4BQAuXOA==</latexit>

Assumptions and constraints

↵ = 1/2 , f = 1017 GeV
<latexit sha1_base64="aQcnlRxrDn0wxa0UTvfxVPFHYOU=">AAACFnicbVDLSgNBEJyNrxhfqx69DAbBQ4y7UYgHAwEPeoxgHpCNoXcySYbMPpyZFcKyX+HFX/HiQRGv4s2/cZLsQaMFDUVVN91dbsiZVJb1ZWQWFpeWV7KrubX1jc0tc3unIYNIEFonAQ9EywVJOfNpXTHFaSsUFDyX06Y7upj4zXsqJAv8GzUOaceDgc/6jIDSUtc8coCHQ8AVbB+XsFPABezcRdDD/Ypt3cZ2OcEOjh3h4UvaSLpm3ipaU+C/xE5JHqWodc1PpxeQyKO+IhykbNtWqDoxCMUIp0nOiSQNgYxgQNua+uBR2YmnbyX4QCv6kEDo8hWeqj8nYvCkHHuu7vRADeW8NxH/89qR6p91YuaHkaI+mS3qRxyrAE8ywj0mKFF8rAkQwfStmAxBAFE6yZwOwZ5/+S9plIr2SbF0fZqvnqdxZNEe2keHyEZlVEVXqIbqiKAH9IRe0KvxaDwbb8b7rDVjpDO76BeMj29qR5vK</latexit>

G��� = 10�10 GeV�1
<latexit sha1_base64="1HdIs2NOrORkxDyn7pDinW02cqI=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwY0mqoAuFgou6rGAf0MQwmU7aoTNJmJkIJeQ33Pgrblwo4lJX/o2TNgttPXAvh3PuZeYeP2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/vs797gMRkkbhnZrExOVoGNKAYqS05JlW00udeESdIeIczXoGr6Bt3acntpVBB6aO4LBJOlmuZJ5ZtWrWFHCR2AWpggItz/x0BhFOOAkVZkjKvm3Fyk2RUBQzklWcRJIY4TEakr6mIeJEuun0sgweaWUAg0joChWcqr83UsSlnHBfT3KkRnLey8X/vH6iggs3pWGcKBLi2UNBwqCKYB4THFBBsGITTRAWVP8V4hESCCsdZkWHYM+fvEg69Zp9WqvfnlUbl0UcZXAADsExsME5aIAb0AJtgMEjeAav4M14Ml6Md+NjNloyip198AfG1w/cDZ7p</latexit>

4 MeV < Treh < f
<latexit sha1_base64="gPvPdkd5FAM8PRrN+6bdD3J93Sk=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgFXZjQIsUARsbIUJekCzL7ORuMmRmd5mZFcKS0sZfsbFQxNZPsPNvnGxSaOKBgXPPuZc79/gxZ0rb9reVW1vf2NzKbxd2dvf2D4qHR20VJZJCi0Y8kl2fKOAshJZmmkM3lkCEz6Hjj29mfucBpGJR2NSTGFxBhiELGCXaSF7xtIr7OO1Lge+gPcU13PSySsJoVgVesWSX7Qx4lTgLUkILNLziV38Q0URAqCknSvUcO9ZuSqRmlMO00E8UxISOyRB6hoZEgHLT7JApPjfKAAeRNC/UOFN/T6REKDURvukURI/UsjcT//N6iQ6u3ZSFcaIhpPNFQcKxjvAsFTxgEqjmE0MIlcz8FdMRkYRqk13BhOAsn7xK2pWyc1mu3FdL9doijjw6QWfoAjnoCtXRLWqgFqLoET2jV/RmPVkv1rv1MW/NWYuZY/QH1ucPbNqXrQ==</latexit>

�RH > Hend ) Hreh = Hend
<latexit sha1_base64="1SyeNKwNquvEdPiq5CNByw8VysY="></latexit>

Instantaneous reheating

�DM < H0
<latexit sha1_base64="4ieoS9fcCXS8E/ZWtQ+237sUyoo=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpgi66KCjYjVDBPqAJYTKdtENnJmFmIpRQ8FfcuFDErd/hzr9x2mahrQcuHM65l3vvCRNGlXacb6uwsrq2vlHcLG1t7+zu2fsHbRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0fXU7zwSqWgsHvQ4IT5HA0EjipE2UmAfebeIcxRknuTw5m4Ca7AROIFddirODHCZuDkpgxzNwP7y+jFOOREaM6RUz3US7WdIaooZmZS8VJEE4REakJ6hAnGi/Gx2/gSeGqUPo1iaEhrO1N8TGeJKjXloOjnSQ7XoTcX/vF6qoys/oyJJNRF4vihKGdQxnGYB+1QSrNnYEIQlNbdCPEQSYW0SK5kQ3MWXl0m7WnHPK9X7i3K9lsdRBMfgBJwBF1yCOmiAJmgBDDLwDF7Bm/VkvVjv1se8tWDlM4fgD6zPHzJOlFA=</latexit>

Long lived DM
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Conclusions

An axion which mixes kinetically with the inflaton can provide a good 
dark matter candidate even if the scale of inflation is low.

The mechanism can also work for the QCD axion. Work in progress …


