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Lorenzo Ubaldi Inflaxion2

Axion dark matter - 1
Tmax > f
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<latexit sha1_base64="hCvBuIJ7cP4ekw4NA/7OzeQDyKE=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoiBRVECl48VugXtCFstpt26W4SdjdiDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpBwprTjfFuFtfWNza3idmlnd2+/bB8ctlWcSkJbJOax7AZYUc4i2tJMc9pNJMUi4LQTjG9nfueBSsXiqKknCfUEHkYsZARrI/l2uelnfSmQwI9TdINC3644VWcOtErcnFQgR8O3v/qDmKSCRppwrFTPdRLtZVhqRjidlvqpogkmYzykPUMjLKjysvnhU3RqlAEKY2kq0miu/p7IsFBqIgLTKbAeqWVvJv7n9VIdXnoZi5JU04gsFoUpRzpGsxTQgElKNJ8Ygolk5lZERlhiok1WJROCu/zyKmmfV91a9eq+Vqlf53EU4RhO4AxcuIA63EEDWkAghWd4hTfryXqx3q2PRWvBymeO4A+szx+zmZJ3</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

T > f

<latexit sha1_base64="xl1vKWznS3fg5IxVRm2KIQvDp+8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUEGk4MVjhaYttKFstpt26WYTdidCKf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53C2vrG5lZxu7Szu7d/UD48apok04z7LJGJbofUcCkU91Gg5O1UcxqHkrfC0f3Mbz1xbUSiGjhOeRDTgRKRYBSt5DfIHYl65Ypbdecgq8TLSQVy1Hvlr24/YVnMFTJJjel4borBhGoUTPJpqZsZnlI2ogPesVTRmJtgMj92Ss6s0idRom0pJHP198SExsaM49B2xhSHZtmbif95nQyj62AiVJohV2yxKMokwYTMPid9oTlDObaEMi3srYQNqaYMbT4lG4K3/PIqaV5UvcvqzeNlpXabx1GEEziFc/DgCmrwAHXwgYGAZ3iFN0c5L86787FoLTj5zDH8gfP5A6FRjeo=</latexit>

T < f

<latexit sha1_base64="uCWKk18v0bpMBDqVtCGNPS1kBXI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUKGHghePFZq20Iay2U7apZtN2N0IpfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeWEquDau++0UNja3tneKu6W9/YPDo/LxSUsnmWLos0QkqhNSjYJL9A03AjupQhqHAtvh+H7ut59QaZ7IppmkGMR0KHnEGTVW8pukRqJ+ueJW3QXIOvFyUoEcjX75qzdIWBajNExQrbuem5pgSpXhTOCs1Ms0ppSN6RC7lkoaow6mi2Nn5MIqAxIlypY0ZKH+npjSWOtJHNrOmJqRXvXm4n9eNzPRbTDlMs0MSrZcFGWCmITMPycDrpAZMbGEMsXtrYSNqKLM2HxKNgRv9eV10rqqetfVu8frSr2Wx1GEMziHS/DgBurwAA3wgQGHZ3iFN0c6L86787FsLTj5zCn8gfP5A55Fjeg=</latexit>

�

<latexit sha1_base64="DmaYLz3tuOw8oJlaD+zRSJyT+cw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQAUPAS8eI5gHJEuYncwmY+axzMwKYck/ePGgiFf/x5t/4yTZgyYWNBRV3XR3RQlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp357SeqDVPywU4SGgo8lCxmBFsntXqGDQXulyt+1Z8DrZIgJxXI0eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p11GJBTVhNr92is6cMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4KsyYTFJLJVksilOOrEKz19GAaUosnziCiWbuVkRGWGNiXUAlF0Kw/PIqaV1Ug1r1+r5Wqd/kcRThBE7hHAK4hDrcQQOaQOARnuEV3jzlvXjv3seiteDlM8fwB97nD55xjyk=</latexit>

U(1)PQ spontaneously broken at scale fV (�) = (|�|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>

<latexit sha1_base64="MgluLTQOYLrY9dtuq1d0A3QJcoE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUA8eAl48RjAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDvz209UG6bkg50kNBR4KFnMCLZOavUMGwrcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yjCCZzCOQRwBXW4gwY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH51/jyY=</latexit>� is the axion



Lorenzo Ubaldi Inflaxion3

Axion dark matter - 2

ρ

V

�

<latexit sha1_base64="DmaYLz3tuOw8oJlaD+zRSJyT+cw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQAUPAS8eI5gHJEuYncwmY+axzMwKYck/ePGgiFf/x5t/4yTZgyYWNBRV3XR3RQlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp357SeqDVPywU4SGgo8lCxmBFsntXqGDQXulyt+1Z8DrZIgJxXI0eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p11GJBTVhNr92is6cMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4KsyYTFJLJVksilOOrEKz19GAaUosnziCiWbuVkRGWGNiXUAlF0Kw/PIqaV1Ug1r1+r5Wqd/kcRThBE7hHAK4hDrcQQOaQOARnuEV3jzlvXjv3seiteDlM8fwB97nD55xjyk=</latexit>

<latexit sha1_base64="oRlp8pNNbi54GqCqAebQrWvuCeU=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwISWRYl10UXBTQaFCX5CEMJlM2qEzSZiZiCX0U9z4K25cKKI7/Rqnj4W2Xhg495x7uHOPnzAqlWl+GbmV1bX1jfxmYWt7Z3evuH/QkXEqMGnjmMWi5yNJGI1IW1HFSC8RBHGfka4/vJro3XsiJI2jlholxOWoH9GQYqQ05RWr3HMk7XMEHcagc6OdwQxnjuDwFj2M7YZ3fdbypj3XvQtrMPSKJbNsTgsuA2sOSmBeTa/46QQxTjmJFGZIStsyE+VmSCiKGRkXnFSSBOEh6hNbwwhxIt1seuAYnmgmgGEs9IsUnLK/HRniUo64ryc5UgO5qE3I/zQ7VeGlm9EoSRWJ8GxRmDKoYjhJCwZUEKzYSAOEBdV/hXiABMJKZ1rQIViLJy+DznnZuihX7iqlem0eRx4cgWNwCixQBXXQAE3QBhg8gmfwCt6MJ+PFeDc+ZqM5Y+45BH/K+P4BuDSiDQ==</latexit>

m� ⌧ ⇤ ⌧ Max[HI , Tmax] < f



Lorenzo Ubaldi Inflaxion3

Axion dark matter - 2

ρ

V

�

<latexit sha1_base64="DmaYLz3tuOw8oJlaD+zRSJyT+cw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQAUPAS8eI5gHJEuYncwmY+axzMwKYck/ePGgiFf/x5t/4yTZgyYWNBRV3XR3RQlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp357SeqDVPywU4SGgo8lCxmBFsntXqGDQXulyt+1Z8DrZIgJxXI0eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p11GJBTVhNr92is6cMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4KsyYTFJLJVksilOOrEKz19GAaUosnziCiWbuVkRGWGNiXUAlF0Kw/PIqaV1Ug1r1+r5Wqd/kcRThBE7hHAK4hDrcQQOaQOARnuEV3jzlvXjv3seiteDlM8fwB97nD55xjyk=</latexit>

U(1)PQ explicitly broken at scale 
<latexit sha1_base64="wqsf2jlsoaiE8ZmeNVZrhnInteQ="></latexit>

V (�) = ⇤4

✓
1� cos

�

f

◆
' 1

2
m2

��
2

<latexit sha1_base64="9UhOuZtG8+SyjZBf+s0VgyT7Ou4=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiRS1IWLghsXLirYBzShTCaTduhkEmcmhRL6HW5cKOLWj3Hn3zhNs9DWAwOHc87l3jl+wpnStv1tldbWNza3ytuVnd29/YPq4VFHxakktE1iHsuejxXlTNC2ZprTXiIpjnxOu/74du53J1QqFotHPU2oF+GhYCEjWBvJc+9NNMDI5RyFg2rNrts50CpxClKDAq1B9csNYpJGVGjCsVJ9x060l2GpGeF0VnFTRRNMxnhI+4YKHFHlZfnRM3RmlACFsTRPaJSrvycyHCk1jXyTjLAeqWVvLv7n9VMdXnsZE0mqqSCLRWHKkY7RvAEUMEmJ5lNDMJHM3IrICEtMtOmpYkpwlr+8SjoXdeey3nho1Jo3RR1lOIFTOAcHrqAJd9CCNhB4gmd4hTdrYr1Y79bHIlqyiplj+APr8wfNEpF2</latexit>

⇤ ⌧ f

<latexit sha1_base64="oRlp8pNNbi54GqCqAebQrWvuCeU=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwISWRYl10UXBTQaFCX5CEMJlM2qEzSZiZiCX0U9z4K25cKKI7/Rqnj4W2Xhg495x7uHOPnzAqlWl+GbmV1bX1jfxmYWt7Z3evuH/QkXEqMGnjmMWi5yNJGI1IW1HFSC8RBHGfka4/vJro3XsiJI2jlholxOWoH9GQYqQ05RWr3HMk7XMEHcagc6OdwQxnjuDwFj2M7YZ3fdbypj3XvQtrMPSKJbNsTgsuA2sOSmBeTa/46QQxTjmJFGZIStsyE+VmSCiKGRkXnFSSBOEh6hNbwwhxIt1seuAYnmgmgGEs9IsUnLK/HRniUo64ryc5UgO5qE3I/zQ7VeGlm9EoSRWJ8GxRmDKoYjhJCwZUEKzYSAOEBdV/hXiABMJKZ1rQIViLJy+DznnZuihX7iqlem0eRx4cgWNwCixQBXXQAE3QBhg8gmfwCt6MJ+PFeDc+ZqM5Y+45BH/K+P4BuDSiDQ==</latexit>

m� ⌧ ⇤ ⌧ Max[HI , Tmax] < f



Lorenzo Ubaldi Inflaxion3

Axion dark matter - 2

ρ

V

�

<latexit sha1_base64="DmaYLz3tuOw8oJlaD+zRSJyT+cw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQAUPAS8eI5gHJEuYncwmY+axzMwKYck/ePGgiFf/x5t/4yTZgyYWNBRV3XR3RQlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp357SeqDVPywU4SGgo8lCxmBFsntXqGDQXulyt+1Z8DrZIgJxXI0eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p11GJBTVhNr92is6cMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4KsyYTFJLJVksilOOrEKz19GAaUosnziCiWbuVkRGWGNiXUAlF0Kw/PIqaV1Ug1r1+r5Wqd/kcRThBE7hHAK4hDrcQQOaQOARnuEV3jzlvXjv3seiteDlM8fwB97nD55xjyk=</latexit>

U(1)PQ explicitly broken at scale 
<latexit sha1_base64="wqsf2jlsoaiE8ZmeNVZrhnInteQ="></latexit>

V (�) = ⇤4

✓
1� cos

�

f

◆
' 1

2
m2

��
2

<latexit sha1_base64="9UhOuZtG8+SyjZBf+s0VgyT7Ou4=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiRS1IWLghsXLirYBzShTCaTduhkEmcmhRL6HW5cKOLWj3Hn3zhNs9DWAwOHc87l3jl+wpnStv1tldbWNza3ytuVnd29/YPq4VFHxakktE1iHsuejxXlTNC2ZprTXiIpjnxOu/74du53J1QqFotHPU2oF+GhYCEjWBvJc+9NNMDI5RyFg2rNrts50CpxClKDAq1B9csNYpJGVGjCsVJ9x060l2GpGeF0VnFTRRNMxnhI+4YKHFHlZfnRM3RmlACFsTRPaJSrvycyHCk1jXyTjLAeqWVvLv7n9VMdXnsZE0mqqSCLRWHKkY7RvAEUMEmJ5lNDMJHM3IrICEtMtOmpYkpwlr+8SjoXdeey3nho1Jo3RR1lOIFTOAcHrqAJd9CCNhB4gmd4hTdrYr1Y79bHIlqyiplj+APr8wfNEpF2</latexit>

⇤ ⌧ f

<latexit sha1_base64="oRlp8pNNbi54GqCqAebQrWvuCeU=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwISWRYl10UXBTQaFCX5CEMJlM2qEzSZiZiCX0U9z4K25cKKI7/Rqnj4W2Xhg495x7uHOPnzAqlWl+GbmV1bX1jfxmYWt7Z3evuH/QkXEqMGnjmMWi5yNJGI1IW1HFSC8RBHGfka4/vJro3XsiJI2jlholxOWoH9GQYqQ05RWr3HMk7XMEHcagc6OdwQxnjuDwFj2M7YZ3fdbypj3XvQtrMPSKJbNsTgsuA2sOSmBeTa/46QQxTjmJFGZIStsyE+VmSCiKGRkXnFSSBOEh6hNbwwhxIt1seuAYnmgmgGEs9IsUnLK/HRniUo64ryc5UgO5qE3I/zQ7VeGlm9EoSRWJ8GxRmDKoYjhJCwZUEKzYSAOEBdV/hXiABMJKZ1rQIViLJy+DznnZuihX7iqlem0eRx4cgWNwCixQBXXQAE3QBhg8gmfwCt6MJ+PFeDc+ZqM5Y+45BH/K+P4BuDSiDQ==</latexit>

m� ⌧ ⇤ ⌧ Max[HI , Tmax] < f

the axion is stuck

σ

V

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

�⇡ <
�⇤
f

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

HI � m�
<latexit sha1_base64="XtqliDXO8LDG5l5WySwz8KBZ++4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mqoAcPBS/1VsF+QBPCZrtNl+4mYXdTKKH/xIsHRbz6T7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLG5tb1T3q3s7R8cHtnHJx2VZJLQNkl4InshVpSzmLY105z2UkmxCDnthuP7ud+dUKlYEj/paUp9gaOYDRnB2kiBbTeDB+RFERKBp1gkcGBXnZqzAFonbkGqUKAV2F/eICGZoLEmHCvVd51U+zmWmhFOZxUvUzTFZIwj2jc0xoIqP19cPkMXRhmgYSJNxRot1N8TORZKTUVoOgXWI7XqzcX/vH6mh7d+zuI00zQmy0XDjCOdoHkMaMAkJZpPDcFEMnMrIiMsMdEmrIoJwV19eZ106jX3qlZ/vK427oo4ynAG53AJLtxAA5rQgjYQmMAzvMKblVsv1rv1sWwtWcXMKfyB9fkDa8eS3A==</latexit>

<latexit sha1_base64="LEBtpSjcBQdw4x7Xm0IWvXhSoTM=">AAACH3icbVDNS8MwHE39nPOr6tFLcAiCMNo5pgeFgZd5m+A+YK0lzdItLGlLkgqj7D/x4r/ixYMi4m3/jdlWRTcfBB7vvV+S3/NjRqWyrLGxtLyyurae28hvbm3v7Jp7+00ZJQKTBo5YJNo+koTRkDQUVYy0Y0EQ9xlp+YPrid96IELSKLxTw5i4HPVCGlCMlJY8s+J0u5GCjqQ9juApPKt5N9DR0o/CvRm9L32nrqDlmQWraE0BF4mdkQLIUPfMT30pTjgJFWZIyo5txcpNkVAUMzLKO4kkMcID1CMdTUPEiXTT6X4jeKyVLgwioU+o4FT9PZEiLuWQ+zrJkerLeW8i/ud1EhVcuCkN40SREM8eChIGVQQnZcEuFQQrNtQEYUH1XyHuI4Gw0pXmdQn2/MqLpFkq2pVi+bZcqF5mdeTAITgCJ8AG56AKaqAOGgCDR/AMXsGb8WS8GO/Gxyy6ZGQzB+APjPEXJvygig==</latexit>

�̈ + 3HI �̇ +m
2
�� = 0

during inflation
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<latexit sha1_base64="oRlp8pNNbi54GqCqAebQrWvuCeU=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwISWRYl10UXBTQaFCX5CEMJlM2qEzSZiZiCX0U9z4K25cKKI7/Rqnj4W2Xhg495x7uHOPnzAqlWl+GbmV1bX1jfxmYWt7Z3evuH/QkXEqMGnjmMWi5yNJGI1IW1HFSC8RBHGfka4/vJro3XsiJI2jlholxOWoH9GQYqQ05RWr3HMk7XMEHcagc6OdwQxnjuDwFj2M7YZ3fdbypj3XvQtrMPSKJbNsTgsuA2sOSmBeTa/46QQxTjmJFGZIStsyE+VmSCiKGRkXnFSSBOEh6hNbwwhxIt1seuAYnmgmgGEs9IsUnLK/HRniUo64ryc5UgO5qE3I/zQ7VeGlm9EoSRWJ8GxRmDKoYjhJCwZUEKzYSAOEBdV/hXiABMJKZ1rQIViLJy+DznnZuihX7iqlem0eRx4cgWNwCixQBXXQAE3QBhg8gmfwCt6MJ+PFeDc+ZqM5Y+45BH/K+P4BuDSiDQ==</latexit>

m� ⌧ ⇤ ⌧ Max[HI , Tmax] < f

<latexit sha1_base64="7jUc7CzgldUBUrwkMyDXY+iTBtQ=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1MIiYGNhEcE8IFnC7OxsMmR2dpm5K4SQj7CxUMTW77Hzb5wkW2jigYHDOecy954glcKg6347hbX1jc2t4nZpZ3dv/6B8eNQySaYZb7JEJroTUMOlULyJAiXvpJrTOJC8HYxuZ377iWsjEvWI45T7MR0oEQlG0Urt3r2NhrRfrrhVdw6ySrycVCBHo1/+6oUJy2KukElqTNdzU/QnVKNgkk9LvczwlLIRHfCupYrG3PiT+bpTcmaVkESJtk8hmau/JyY0NmYcBzYZUxyaZW8m/ud1M4yu/YlQaYZcscVHUSYJJmR2OwmF5gzl2BLKtLC7EjakmjK0DZVsCd7yyaukdVH1Lqu1h1qlfpPXUYQTOIVz8OAK6nAHDWgCgxE8wyu8Oanz4rw7H4towclnjuEPnM8fDMWPYA==</latexit>

⇤ : confinement scale of a strong gauge group

At zero temperature
<latexit sha1_base64="WNSE7dcZsc3TLM5leqHHAixTO00=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKqkqYACpEgsDQ5HoQ2pC5DhOa9VOIttBVFH+gIVfYWEAIVZWNv4Gt80ALUe60tE599r3Hj9hVCrL+jYWFpeWV1ZLa+X1jc2tbXNnty3jVGDSwjGLRddHkjAakZaiipFuIgjiPiMdf3g59jv3REgaR7dqlBCXo35EQ4qR0pJnHnEvcyTtcwStHF5A54FCJxQIZ861fiVAd7U8C3PPrFhVawI4T+yCVECBpmd+OUGMU04ihRmSsmdbiXIzJBTFjORlJ5UkQXiI+qSnaYQ4kW42uSeHh1oJYBgLXZGCE/X3RIa4lCPu606O1EDOemPxP6+XqvDMzWiUpIpEePpRmDKoYjgOBwZUEKzYSBOEBdW7QjxAOg2lIyzrEOzZk+dJu1a1T6r1m3qlcV7EUQL74AAcAxucgga4Ak3QAhg8gmfwCt6MJ+PFeDc+pq0LRjGzB/7A+PwB+hucAA==</latexit>
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the axion potential temporarily vanishes. This gives rise to rich dynamics of the inflaton-

axion system, allowing for a new cosmological scenario for axion dark matter. Here, the

reheating phase plays a central role in the dark matter production, and we show how this

opens up new regions of the axion parameter space. We study the implications for both

the QCD axion, and axion-like particles coupled to a hidden confining gauge sector.

This paper is organized as follows: We start by reviewing the conventional vacuum

misalignment scenario in section 2. Then we discuss the inflaxion mechanism in section 3,

followed by a study of its parameter space in section 4. We then conclude in section 5.

Technical calculations are relegated to the appendices: The onset of the axion oscillation is

analyzed in detail in appendix A. The full expressions for the diagonal basis of the inflaxion

Lagrangian are listed in appendix B.

2 Vacuum misalignment scenario

Let us start by reviewing the conventional vacuum misalignment scenario. Throughout

this work we denote the axion by σ, and consider it to be coupled to some gauge force that

becomes strong in the IR at an energy scale Λ. We assume the axion mass to depend on

the cosmic temperature T as

mσ(T ) ≃

⎧
⎨

⎩
λmσ0

(
Λ

T

)p

for T ≫ Λ, (2.1)

mσ0 for T ≪ Λ, (2.2)

with the zero-temperature mass written as

mσ0 = ξ
Λ2

f
. (2.3)

Here ξ is a dimensionless parameter, and f is an axion decay constant which sets the

periodicity of the axion potential as σ ∼= σ + 2πf . For the QCD axion, the parameters

take the values Λ ≈ 200MeV, p ≈ 4, λ ≈ 0.1, ξ ≈ 0.1, and f is the only free parameter.

However, in order to keep the discussion general, we take all the parameters as arbitrary

positive numbers.

The vacuum misalignment scenario can work if the inflationary Hubble scale lies within

the range

mσ(Tinf) < Hinf < 2πf, (2.4)

where Tinf = Hinf/2π is the de Sitter temperature during inflation. The upper bound

indicates that the U(1) symmetry is already broken2 in the inflation epoch and thus the

axion field becomes homogeneous in the observable patch of the universe. The cosmic

temperature during reheating should also satisfy the same upper bound, T < f , to ensure

that the symmetry stays broken in the post-inflation universe. The lower bound on the

inflation scale indicates that any initial field displacement σ⋆ of the axion from its potential

minimum stays frozen during inflation due to the Hubble friction. The axion continues to

2The symmetry breaking scale can be different from the scale of the axion periodicity, however we

suppose the two scales to be of the same order throughout this paper.

– 3 –

For the QCD axion:
<latexit sha1_base64="MPXOq4HqLYyeyVCELSZjEIbuFWM="></latexit>

⇤ ⇡ 200 MeV, p ⇡ 4, � ⇡ 0.1, ⇠ ⇡ 0.1
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After reheating the Hubble parameter decreases as H =
T

2

MP

<latexit sha1_base64="uiOsPoF+raJj6NQMTG+g1c2KdN4=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KkkpqKBQcNONUKEvaGOYTCft0MmDmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee7yYM6ks69tYW9/Y3Nou7BR39/YPDs2j446MEkFom0Q8Ej0PS8pZSNuKKU57saA48DjtepPbmd99pEKyKGypNKZOgEch8xnBSkuuWWqgGzTwBSZZ66E6ze7c5tQ1y1bFmgOtEjsnZcjRdM2vwTAiSUBDRTiWsm9bsXIyLBQjnE6Lg0TSGJMJHtG+piEOqHSy+fFTdKaVIfIjoStUaK7+nshwIGUaeLozwGosl72Z+J/XT5R/6WQsjBNFQ7JY5CccqQjNkkBDJihRPNUEE8H0rYiMsU5C6byKOgR7+eVV0qlW7Frl6r5Wrl/ncRTgBE7hHGy4gDo0oAltIJDCM7zCm/FkvBjvxseidc3IZ0rwB8bnD2fHk/w=</latexit>

Relic abundance today

Axion dark matter - 2
<latexit sha1_base64="oRlp8pNNbi54GqCqAebQrWvuCeU=">AAACIHicbVDLSsNAFJ3UV62vqks3g0VwISWRYl10UXBTQaFCX5CEMJlM2qEzSZiZiCX0U9z4K25cKKI7/Rqnj4W2Xhg495x7uHOPnzAqlWl+GbmV1bX1jfxmYWt7Z3evuH/QkXEqMGnjmMWi5yNJGI1IW1HFSC8RBHGfka4/vJro3XsiJI2jlholxOWoH9GQYqQ05RWr3HMk7XMEHcagc6OdwQxnjuDwFj2M7YZ3fdbypj3XvQtrMPSKJbNsTgsuA2sOSmBeTa/46QQxTjmJFGZIStsyE+VmSCiKGRkXnFSSBOEh6hNbwwhxIt1seuAYnmgmgGEs9IsUnLK/HRniUo64ryc5UgO5qE3I/zQ7VeGlm9EoSRWJ8GxRmDKoYjhJCwZUEKzYSAOEBdV/hXiABMJKZ1rQIViLJy+DznnZuihX7iqlem0eRx4cgWNwCixQBXXQAE3QBhg8gmfwCt6MJ+PFeDc+ZqM5Y+45BH/K+P4BuDSiDQ==</latexit>

m� ⌧ ⇤ ⌧ Max[HI , Tmax] < f

<latexit sha1_base64="j9aoYX+6Jr8JrLNt3T86IQt/6PA=">AAACInicbZDLSgMxFIYzXmu9jbp0EyxCRSgztXgBhYKbLiv0Bm0dMplMG5rMDElGKEOfxY2v4saFoq4EH8a0HcG2/hD4+M85Sc7vRoxKZVlfxtLyyuraemYju7m1vbNr7u03ZBgLTOo4ZKFouUgSRgNSV1Qx0ooEQdxlpOkObsf15gMRkoZBTQ0j0uWoF1CfYqS05ZhXHc8LFexI2uMInsIzWIGdGYc7U7wv5msnv/YNtBwzZxWsieAi2CnkQKqqY37oi3HMSaAwQ1K2bStS3QQJRTEjo2wnliRCeIB6pK0xQJzIbjJZcQSPteNBPxT6BApO3L8TCeJSDrmrOzlSfTlfG5v/1dqx8i+7CQ2iWJEATx/yYwZVCMd5QY8KghUbakBYUP1XiPtIIKx0qlkdgj2/8iI0igX7vFC6K+XK12kcGXAIjkAe2OAClEEFVEEdYPAInsEreDOejBfj3ficti4Z6cwBmJHx/QMYZaDl</latexit>

�̈ + 3H�̇ +m
2
�(T )� = 0

When                       the axion field starts to oscillate.
Soon after, the energy density of the oscillating field redshifts like
non relativistic matter.

<latexit sha1_base64="Y2x315r4wlISlYrfUc7Yq8B0YoQ=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSLUTUmkqAsXBTddVugL2hAm00k7dCYJMxOxhP6KGxeKuPVH3Pk3TtsstPXA5R7OuZe5c4KEM6Ud59va2Nza3tkt7BX3Dw6Pju2TUkfFqSS0TWIey16AFeUsom3NNKe9RFIsAk67weR+7ncfqVQsjlp6mlBP4FHEQkawNpJvlxpooJhAwjdtJHCldenbZafqLIDWiZuTMuRo+vbXYBiTVNBIE46V6rtOor0MS80Ip7PiIFU0wWSCR7RvaIQFVV62uH2GLowyRGEsTUUaLdTfGxkWSk1FYCYF1mO16s3F/7x+qsNbL2NRkmoakeVDYcqRjtE8CDRkkhLNp4ZgIpm5FZExlphoE1fRhOCufnmddK6q7nW19lAr1+/yOApwBudQARduoA4NaEIbCDzBM7zCmzWzXqx362M5umHlO6fwB9bnD3r4k20=</latexit>

H ⇠ m�(T )

<latexit sha1_base64="NSwfTvJYmpJzBFbMK4sQrRJVD8g=">AAACA3icbVDLSgMxFM34rPU16k43wSK4scxoURcuCm5cVrAP6IxDJs20ockkJBmhDAU3/oobF4q49Sfc+Temj4W2HggczrmXm3Niyag2nvftLCwuLa+sFtaK6xubW9vuzm5Di0xhUseCCdWKkSaMpqRuqGGkJRVBPGakGfevR37zgShNRXpnBpKEHHVTmlCMjJUidz9QPREFmnY5goFUQhoB0X1+cjaM3JJX9saA88SfkhKYoha5X0FH4IyT1GCGtG77njRhjpShmJFhMcg0kQj3UZe0LU0RJzrMxxmG8MgqHZgIZV9q4Fj9vZEjrvWAx3aSI9PTs95I/M9rZya5DHOaysyQFE8OJRmDNueoENihimDDBpYgrKj9K8Q9pBA2traiLcGfjTxPGqdl/7xcua2UqlfTOgrgAByCY+CDC1AFN6AG6gCDR/AMXsGb8+S8OO/Ox2R0wZnu7IE/cD5/AJnCl3o=</latexit>
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�̈ + 3HI �̇ +m
2
�� = 0

What if the scale of inflation is as low as
<latexit sha1_base64="8drNg3/MfdQVx7MRlBc1WmUfqs4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkqAcPBS/1VsF+QBPCZrtpl+4mYXdTKKH/xIsHRbz6T7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLG5tb1T3q3s7R8cHtnHJx2VZJLQNkl4InshVpSzmLY105z2UkmxCDnthuP7ud+dUKlYEj/paUp9gYcxixjB2kiBbTeDB+RxjkTgKTYUOLCrTs1ZAK0TtyBVKNAK7C9vkJBM0FgTjpXqu06q/RxLzQins4qXKZpiMsZD2jc0xoIqP19cPkMXRhmgKJGmYo0W6u+JHAulpiI0nQLrkVr15uJ/Xj/T0a2fszjNNI3JclGUcaQTNI8BDZikRPOpIZhIZm5FZIQlJtqEVTEhuKsvr5POVc29rtUf69XGXRFHGc7gHC7BhRtoQBNa0AYCE3iGV3izcuvFerc+lq0lq5g5hT+wPn8AfO6S6w==</latexit>
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<latexit sha1_base64="jeslHZ0FUCIaDfocl3YV56qE5qI="></latexit>
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<latexit sha1_base64="LEBtpSjcBQdw4x7Xm0IWvXhSoTM=">AAACH3icbVDNS8MwHE39nPOr6tFLcAiCMNo5pgeFgZd5m+A+YK0lzdItLGlLkgqj7D/x4r/ixYMi4m3/jdlWRTcfBB7vvV+S3/NjRqWyrLGxtLyyurae28hvbm3v7Jp7+00ZJQKTBo5YJNo+koTRkDQUVYy0Y0EQ9xlp+YPrid96IELSKLxTw5i4HPVCGlCMlJY8s+J0u5GCjqQ9juApPKt5N9DR0o/CvRm9L32nrqDlmQWraE0BF4mdkQLIUPfMT30pTjgJFWZIyo5txcpNkVAUMzLKO4kkMcID1CMdTUPEiXTT6X4jeKyVLgwioU+o4FT9PZEiLuWQ+zrJkerLeW8i/ud1EhVcuCkN40SREM8eChIGVQQnZcEuFQQrNtQEYUH1XyHuI4Gw0pXmdQn2/MqLpFkq2pVi+bZcqF5mdeTAITgCJ8AG56AKaqAOGgCDR/AMXsGb8WS8GO/Gxyy6ZGQzB+APjPEXJvygig==</latexit>
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What if the scale of inflation is as low as
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HI ⌧ m�

<latexit sha1_base64="jeslHZ0FUCIaDfocl3YV56qE5qI="></latexit>
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end of inflation
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no axion dark matter
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What if the scale of inflation is as low as
<latexit sha1_base64="8drNg3/MfdQVx7MRlBc1WmUfqs4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkqAcPBS/1VsF+QBPCZrtpl+4mYXdTKKH/xIsHRbz6T7z5b9y2OWjrg4HHezPMzAtTzpR2nG+rtLG5tb1T3q3s7R8cHtnHJx2VZJLQNkl4InshVpSzmLY105z2UkmxCDnthuP7ud+dUKlYEj/paUp9gYcxixjB2kiBbTeDB+RxjkTgKTYUOLCrTs1ZAK0TtyBVKNAK7C9vkJBM0FgTjpXqu06q/RxLzQins4qXKZpiMsZD2jc0xoIqP19cPkMXRhmgKJGmYo0W6u+JHAulpiI0nQLrkVr15uJ/Xj/T0a2fszjNNI3JclGUcaQTNI8BDZikRPOpIZhIZm5FZIQlJtqEVTEhuKsvr5POVc29rtUf69XGXRFHGc7gHC7BhRtoQBNa0AYCE3iGV3izcuvFerc+lq0lq5g5hT+wPn8AfO6S6w==</latexit>
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end of inflation
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V

no axion dark matter

Are there ways to obtain a relic abundance of axions in this scenario?
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<latexit sha1_base64="O/Tt0k4H1UIJHh2ZnzY0nwhI+Cs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVA8eCl48VrAf0Iay2W6apbubsLsRSuhf8OJBEa/+IW/+GzdtDtr6YODx3gwz84KEM21c99spbWxube+Udyt7+weHR9Xjk66OU0Voh8Q8Vv0Aa8qZpB3DDKf9RFEsAk57wfQu93tPVGkWy0czS6gv8ESykBFscmmYRGxUrbl1dwG0TryC1KBAe1T9Go5jkgoqDeFY64HnJsbPsDKMcDqvDFNNE0ymeEIHlkosqPazxa1zdGGVMQpjZUsatFB/T2RYaD0Tge0U2ER61cvF/7xBasIbP2MySQ2VZLkoTDkyMcofR2OmKDF8ZgkmitlbEYmwwsTYeCo2BG/15XXSvap7zXrjoVFr3RZxlOEMzuESPLiGFtxDGzpAIIJneIU3RzgvzrvzsWwtOcXMKfyB8/kDFKiOQg==</latexit>

�: axion : inflaton
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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>

What if the inflaton and the axion are coupled?

� Lp
�g

=
1

2
gµ⌫(@µ�@⌫� + @µ�@⌫�+ 2↵@µ�@⌫�) +

1

2
m2

��
2 + V (�)

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

Kinetic mixing

<latexit sha1_base64="MgluLTQOYLrY9dtuq1d0A3QJcoE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUA8eAl48RjAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDvz209UG6bkg50kNBR4KFnMCLZOavUMGwrcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yjCCZzCOQRwBXW4gwY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH51/jyY=</latexit>�
<latexit sha1_base64="O/Tt0k4H1UIJHh2ZnzY0nwhI+Cs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVA8eCl48VrAf0Iay2W6apbubsLsRSuhf8OJBEa/+IW/+GzdtDtr6YODx3gwz84KEM21c99spbWxube+Udyt7+weHR9Xjk66OU0Voh8Q8Vv0Aa8qZpB3DDKf9RFEsAk57wfQu93tPVGkWy0czS6gv8ESykBFscmmYRGxUrbl1dwG0TryC1KBAe1T9Go5jkgoqDeFY64HnJsbPsDKMcDqvDFNNE0ymeEIHlkosqPazxa1zdGGVMQpjZUsatFB/T2RYaD0Tge0U2ER61cvF/7xBasIbP2MySQ2VZLkoTDkyMcofR2OmKDF8ZgkmitlbEYmwwsTYeCo2BG/15XXSvap7zXrjoVFr3RZxlOEMzuESPLiGFtxDGzpAIIJneIU3RzgvzrvzsWwtOcXMKfyB8/kDFKiOQg==</latexit>

�: axion : inflaton
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Via the kinetic mixing, when the inflaton starts oscillating around the 

minimum of its potential (reheating) it will kick the axion away from its 

minimum. 

The axion displacement, in turn, allows for the re-alignment mechanism of 

dark matter production to take place.



Lorenzo Ubaldi Inflaxion9

End of inflation

V (�)
<latexit sha1_base64="paMwo2v7/x2QbJLnDgSKPOcUS34="></latexit>

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

�end
<latexit sha1_base64="ax/extiCpwzRB7elmftKavD7UdY=">AAACeHichVHLSgMxFD0d3/VV7UZwUyy+NiWtguJCCm5c2taqYKXMjNGGzouZtFCH/oA/4MKFKIiKn+HGH3DRTxCXCoK48HY6ICrqDUlOTu65OUk0xxCeZKwVUbq6e3r7+geig0PDI6OxsfEtz665Oi/qtmG7O5rqcUNYvCiFNPiO43LV1Ay+rVXX2vvbde56wrY2ZcPhe6Z6aIkDoauSqHIsXnIqouyXTFVWXNPn 1n6zWY4lWYoFkfgJ0iFIIowNO3aFEvZhQ0cNJjgsSMIGVHjUdpEGg0PcHnziXEIi2OdoIkraGmVxylCJrdJ4SKvdkLVo3a7pBWqdTjGou6RMYJo9sBv2zO7ZLXtk77/W8oMabS8NmrWOljvl0eOJwuu/KpNmicqn6k/PEgdYDrwK8u4ETPsWekdfPzp5Lqzkp/0ZdsGeyP85a7E7uoFVf9Evczx/iih9QPr7c/8EW5lUeiGVyS0ms6vhV/RjElOYo/deQhbr2ECRzm3gDNe4ibwpCWVWme+kKpFQE8eXUDIfhv2SbQ==</latexit>

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

1

2
m2

��
2

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

<latexit sha1_base64="gk4UJBi45cXZgXLn6jSqI1/+4Pk=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBsDHshqAWCgGblBHMA5I1zE5mkyGzs8vMXSEs2/grNhaK2PoZdv6Nk0ehiQcuHM65d+be48eCa3Ccbyu3srq2vpHfLGxt7+zu2fsHTR0lirIGjUSk2j7RTHDJGsBBsHasGAl9wVr+6Hbitx6Z0jyS9zCOmReSgeQBpwSM1LOPzruBIjTt9iPAtSytPZQzfIPdnl10Ss4UeJm4c1JEc9R79pd5giYhk0AF0brjOjF4KVHAqWBZoZtoFhM6IgPWMVSSkGkvnR6Q4VOj9HEQKVMS8FT9PZGSUOtx6JvOkMBQL3oT8T+vk0Bw5aVcxgkwSWcfBYnAEOFJGrjPFaMgxoYQqrjZFdMhMYGAyaxgQnAXT14mzXLJvShV7irF6vU8jjw6RifoDLnoElVRDdVRA1GUoWf0it6sJ+vFerc+Zq05az5ziP7A+vwBy2KVOg==</latexit>

� Ḣ

H2
= 1

<latexit sha1_base64="9FguWLaIbVlKQE38FJY87WVg2Lo=">AAACDHicbZDLSgMxFIbPeK31VnXpJliEuikzQ1EXCgU33QgV7AXaacmkmTY0cyHJCGXoA7jxVdy4UMStD+DOtzHTzkJbDwQ+/v+cJOd3I86kMs1vY2V1bX1jM7eV397Z3dsvHBw2ZRgLQhsk5KFou1hSzgLaUExx2o4Exb7Lacsd36R+64EKycLgXk0i6vh4GDCPEay01C8Uu4NQoW40Yj0bXaNmKcUzTTa67de1VuvZusssm7NCy2BlUISs6v3Cl76VxD4NFOFYyo5lRspJsFCMcDrNd2NJI0zGeEg7GgPsU+kks2Wm6FQrA+SFQp9AoZn6eyLBvpQT39WdPlYjueil4n9eJ1bepZOwIIoVDcj8IS/mSIUoTQYNmKBE8YkGTATTf0VkhAUmSueX1yFYiysvQ9MuW+flyl2lWL3K4sjBMZxACSy4gCrUoA4NIPAIz/AKb8aT8WK8Gx/z1hUjmzmCP2V8/gB9e5gQ</latexit>

�̇
2 = V (�) = 2M2

PH
2

<latexit sha1_base64="39JwRNFWlgvPRcANJ3TXdgWT2Sg=">AAACH3icbVDLSgMxFM34rPVVdekmWARXZaaU6sJFwU03QgX7gE4ZMukdG0wyY5IRyjB/4sZfceNCEXHXvzF9gM8DgcM593BzT5hwpo3rTpyl5ZXVtfXCRnFza3tnt7S339Fxqii0acxj1QuJBs4ktA0zHHqJAiJCDt3w9mLqd+9BaRbLazNOYCDIjWQRo8RYKSjV/WTEgsxXAoMc5tjXTMAd9iNFaFbFl0ELN7/sPBPBNJAHpbJbcWfAf4m3IGW0QCsoffjDmKYCpKGcaN333MQMMqIMoxzyop9qSAi9JTfQt1QSAXqQze7L8bFVhjiKlX3S4Jn6PZERofVYhHZSEDPSv72p+J/XT010NsiYTFIDks4XRSnHJsbTsvCQKaCGjy0hVDH7V0xHxFZjbKVFW4L3++S/pFOtePVK7apWbpwv6iigQ3SETpCHTlEDNVELtRFFD+gJvaBX59F5dt6c9/nokrPIHKAfcCafCWei+w==</latexit>

�end ' 2MPHend

m�
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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 at reheating
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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 during reheating

'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>

Diagonal basis at reheating
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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 during reheating

'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>

Diagonal basis at reheating

At the end of inflation
<latexit sha1_base64="39JwRNFWlgvPRcANJ3TXdgWT2Sg=">AAACH3icbVDLSgMxFM34rPVVdekmWARXZaaU6sJFwU03QgX7gE4ZMukdG0wyY5IRyjB/4sZfceNCEXHXvzF9gM8DgcM593BzT5hwpo3rTpyl5ZXVtfXCRnFza3tnt7S339Fxqii0acxj1QuJBs4ktA0zHHqJAiJCDt3w9mLqd+9BaRbLazNOYCDIjWQRo8RYKSjV/WTEgsxXAoMc5tjXTMAd9iNFaFbFl0ELN7/sPBPBNJAHpbJbcWfAf4m3IGW0QCsoffjDmKYCpKGcaN333MQMMqIMoxzyop9qSAi9JTfQt1QSAXqQze7L8bFVhjiKlX3S4Jn6PZERofVYhHZSEDPSv72p+J/XT010NsiYTFIDks4XRSnHJsbTsvCQKaCGjy0hVDH7V0xHxFZjbKVFW4L3++S/pFOtePVK7apWbpwv6iigQ3SETpCHTlEDNVELtRFFD+gJvaBX59F5dt6c9/nokrPIHKAfcCafCWei+w==</latexit>

�end ' 2MPHend

m�

<latexit sha1_base64="FOfZv2DgF2xWZtQpCLvRKX2pDC4="></latexit>

'DMend = ↵�end + �end ' ↵�end
<latexit sha1_base64="H7oafkRYcdnOZ7mfYFa2xo1S7IE=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqAuFQjfdCBXsA5oSJtNJO3RmEmYmQgn5Bjf+ihsXirh15c6/cdpmoa0HLhzOuZd77wliRpV2nG+rsLK6tr5R3Cxtbe/s7tn7B20VJRKTFo5YJLsBUoRRQVqaaka6sSSIB4x0gnF96nceiFQ0Evd6EpM+R0NBQ4qRNpJvn91AL5QIp3XoIRaPELz1m7Dhp57kkIhBlqXc9+IRzXy77FScGeAycXNSBjmavv3lDSKccCI0ZkipnuvEup8iqSlmJCt5iSIxwmM0JD1DBeJE9dPZSxk8McoAhpE0JTScqb8nUsSVmvDAdHKkR2rRm4r/eb1Eh1f9lIo40UTg+aIwYVBHcJoPHFBJsGYTQxCW1NwK8QiZhLRJsWRCcBdfXibt84p7UaneVcu16zyOIjgCx+AUuOAS1EADNEELYPAInsEreLOerBfr3fqYtxasfOYQ/IH1+QMa2p0o</latexit>

=
C↵MPHend

m�



Lorenzo Ubaldi Inflaxion11

Reheating
<latexit sha1_base64="+KaYCoT9dwfR/kVSu3HcnJ+NKz8="></latexit> ↵�

8⇡f
�Fµ⌫ F̃

µ⌫ + g�ff � ̄i�
5 

<latexit sha1_base64="OcSxgxIcUazmCgpwul7p+VM/Jso="></latexit>

�('DM ! ��) '
↵2
�

256⇡3f2
m3

�

<latexit sha1_base64="wYTTFD6AdmNWDFQkjHIcaQXyW54="></latexit>

�('RH ! ��) ' ↵2

(1� ↵2)5/2
↵2

�

256⇡3f2
m3

�

<latexit sha1_base64="cQMheWP/EkbcKb0A2PUT0S73ips="></latexit>

�('DM ! ff̄) ' ↵2
g2�ff
8⇡

m5
�

m4
�

<latexit sha1_base64="/LZ4BvP/ne14kkWeOolAXWb571U="></latexit>
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Figure 2: Schematic of the time evolution of the cosmic temperature (left) and scalar field masses (right) in
the inflaxion scenario under consideration (not to scale).

minimum of its potential, which we assume to be approximated by a quadratic,
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2
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Here, �end refers to the inflaton field value where inflation ends. The inflaton mass thus becomesm�0,

which is larger than m�0 as required in (3.4). We have in mind here small-field inflation models in

which |V 00(�)|1/2 takes very di↵erent values between the plateau region and the minimum. However

we should also note that this transition of |V 00(�)|1/2 from a tiny value during inflation to a largerm�0

is not necessarily monotonic as shown in the simplified illustration; |V 00(�)|1/2 can instead oscillate

due to higher order terms in the potential while the inflaton’s oscillation amplitude is large.

3.2 End of Inflation and Reheating

The post-inflationary dynamics of the inflaton and axion is insensitive to the details of the inflation

model, and thus we start our discussion from the time when inflation ends.

Let us for a moment ignore the temperature dependence of the axion mass. Then one can

simultaneously diagonalize the kinetic terms as well as the mass terms so that the Lagrangian (3.2)

with the quadratic inflaton potential (3.5) is rewritten as
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where the explicit forms of the diagonalized fields and their masses are given in Appendix B. Here,
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Figure 2. Schematic of the time evolution of the cosmic temperature (left) and scalar field masses
(right) in the inflaxion scenario under consideration (not to scale).

the cosmic temperature during inflation is taken as the de Sitter temperature, while after

inflation it is the radiation temperature arising from the decay of the reheaton. (The de

Sitter and radiation temperatures are connected at the end of inflation for illustration

purposes only.) The right panel shows the evolution of the Hubble rate H (black curve),

the axion mass mσ(T ) (blue), and the effective mass |V ′′(φ)|1/2 of the inflaton (red). The

axion mass during inflation takes its zero-temperature value mσ0, then during reheating

becomes smaller than H for a while, and again becomes mσ0 in the later universe when

T ≪ Λ. The inflaton potential V (φ) is considered to possess a plateau that enables slow-

roll inflation, and hence |V ′′(φ)|1/2 < H during inflation. This inequality breaks down

towards the end of inflation, as the inflaton rolls to its vacuum. Inflation thus ends and

the inflaton starts to oscillate around the minimum of its potential, which we assume to

be approximated by a quadratic,

V (φ) ≃ 1

2
m2
φ0φ

2 for |φ| ≤ |φend|. (3.5)

Here, φend refers to the inflaton field value where inflation ends. The inflaton mass thus

becomes mφ0, which is larger than mσ0 as required in (3.4). We have in mind here small-

field inflation models in which |V ′′(φ)|1/2 takes very different values between the plateau

region and the minimum. However we should also note that this transition of |V ′′(φ)|1/2

from a tiny value during inflation to a larger mφ0 is not necessarily monotonic as shown in

the simplified illustration; |V ′′(φ)|1/2 can instead oscillate due to higher order terms in the

potential while the inflaton’s oscillation amplitude is large.

3.2 End of inflation and reheating

The post-inflationary dynamics of the inflaton and axion is insensitive to the details of the

inflation model, and thus we start our discussion from the time when inflation ends.

Let us for a moment ignore the temperature dependence of the axion mass. Then one

can simultaneously diagonalize the kinetic terms as well as the mass terms so that the

Lagrangian (3.2) with the quadratic inflaton potential (3.5) is rewritten as

L√
−g

=
∑

i=DM,RH

(
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2
gµν∂µϕi ∂νϕi −
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2
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iϕ
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)
+ Lc[σ,φ,Ψ], (3.6)
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Figure 2. Schematic of the time evolution of the cosmic temperature (left) and scalar field masses
(right) in the inflaxion scenario under consideration (not to scale).

the cosmic temperature during inflation is taken as the de Sitter temperature, while after

inflation it is the radiation temperature arising from the decay of the reheaton. (The de

Sitter and radiation temperatures are connected at the end of inflation for illustration

purposes only.) The right panel shows the evolution of the Hubble rate H (black curve),

the axion mass mσ(T ) (blue), and the effective mass |V ′′(φ)|1/2 of the inflaton (red). The

axion mass during inflation takes its zero-temperature value mσ0, then during reheating

becomes smaller than H for a while, and again becomes mσ0 in the later universe when

T ≪ Λ. The inflaton potential V (φ) is considered to possess a plateau that enables slow-

roll inflation, and hence |V ′′(φ)|1/2 < H during inflation. This inequality breaks down

towards the end of inflation, as the inflaton rolls to its vacuum. Inflation thus ends and

the inflaton starts to oscillate around the minimum of its potential, which we assume to

be approximated by a quadratic,

V (φ) ≃ 1

2
m2
φ0φ

2 for |φ| ≤ |φend|. (3.5)

Here, φend refers to the inflaton field value where inflation ends. The inflaton mass thus

becomes mφ0, which is larger than mσ0 as required in (3.4). We have in mind here small-

field inflation models in which |V ′′(φ)|1/2 takes very different values between the plateau

region and the minimum. However we should also note that this transition of |V ′′(φ)|1/2

from a tiny value during inflation to a larger mφ0 is not necessarily monotonic as shown in

the simplified illustration; |V ′′(φ)|1/2 can instead oscillate due to higher order terms in the

potential while the inflaton’s oscillation amplitude is large.

3.2 End of inflation and reheating

The post-inflationary dynamics of the inflaton and axion is insensitive to the details of the

inflation model, and thus we start our discussion from the time when inflation ends.

Let us for a moment ignore the temperature dependence of the axion mass. Then one

can simultaneously diagonalize the kinetic terms as well as the mass terms so that the

Lagrangian (3.2) with the quadratic inflaton potential (3.5) is rewritten as

L√
−g

=
∑

i=DM,RH

(
−1

2
gµν∂µϕi ∂νϕi −

1

2
m2

iϕ
2
i

)
+ Lc[σ,φ,Ψ], (3.6)
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Figure 2. Schematic of the time evolution of the cosmic temperature (left) and scalar field masses
(right) in the inflaxion scenario under consideration (not to scale).

the cosmic temperature during inflation is taken as the de Sitter temperature, while after

inflation it is the radiation temperature arising from the decay of the reheaton. (The de

Sitter and radiation temperatures are connected at the end of inflation for illustration

purposes only.) The right panel shows the evolution of the Hubble rate H (black curve),

the axion mass mσ(T ) (blue), and the effective mass |V ′′(φ)|1/2 of the inflaton (red). The

axion mass during inflation takes its zero-temperature value mσ0, then during reheating

becomes smaller than H for a while, and again becomes mσ0 in the later universe when

T ≪ Λ. The inflaton potential V (φ) is considered to possess a plateau that enables slow-

roll inflation, and hence |V ′′(φ)|1/2 < H during inflation. This inequality breaks down

towards the end of inflation, as the inflaton rolls to its vacuum. Inflation thus ends and

the inflaton starts to oscillate around the minimum of its potential, which we assume to

be approximated by a quadratic,

V (φ) ≃ 1

2
m2
φ0φ

2 for |φ| ≤ |φend|. (3.5)

Here, φend refers to the inflaton field value where inflation ends. The inflaton mass thus

becomes mφ0, which is larger than mσ0 as required in (3.4). We have in mind here small-

field inflation models in which |V ′′(φ)|1/2 takes very different values between the plateau

region and the minimum. However we should also note that this transition of |V ′′(φ)|1/2

from a tiny value during inflation to a larger mφ0 is not necessarily monotonic as shown in

the simplified illustration; |V ′′(φ)|1/2 can instead oscillate due to higher order terms in the

potential while the inflaton’s oscillation amplitude is large.

3.2 End of inflation and reheating

The post-inflationary dynamics of the inflaton and axion is insensitive to the details of the

inflation model, and thus we start our discussion from the time when inflation ends.

Let us for a moment ignore the temperature dependence of the axion mass. Then one

can simultaneously diagonalize the kinetic terms as well as the mass terms so that the

Lagrangian (3.2) with the quadratic inflaton potential (3.5) is rewritten as

L√
−g

=
∑

i=DM,RH

(
−1

2
gµν∂µϕi ∂νϕi −

1

2
m2

iϕ
2
i

)
+ Lc[σ,φ,Ψ], (3.6)
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Figure 2. Schematic of the time evolution of the cosmic temperature (left) and scalar field masses
(right) in the inflaxion scenario under consideration (not to scale).

the cosmic temperature during inflation is taken as the de Sitter temperature, while after

inflation it is the radiation temperature arising from the decay of the reheaton. (The de

Sitter and radiation temperatures are connected at the end of inflation for illustration

purposes only.) The right panel shows the evolution of the Hubble rate H (black curve),

the axion mass mσ(T ) (blue), and the effective mass |V ′′(φ)|1/2 of the inflaton (red). The

axion mass during inflation takes its zero-temperature value mσ0, then during reheating

becomes smaller than H for a while, and again becomes mσ0 in the later universe when

T ≪ Λ. The inflaton potential V (φ) is considered to possess a plateau that enables slow-

roll inflation, and hence |V ′′(φ)|1/2 < H during inflation. This inequality breaks down

towards the end of inflation, as the inflaton rolls to its vacuum. Inflation thus ends and

the inflaton starts to oscillate around the minimum of its potential, which we assume to

be approximated by a quadratic,

V (φ) ≃ 1

2
m2
φ0φ

2 for |φ| ≤ |φend|. (3.5)

Here, φend refers to the inflaton field value where inflation ends. The inflaton mass thus

becomes mφ0, which is larger than mσ0 as required in (3.4). We have in mind here small-

field inflation models in which |V ′′(φ)|1/2 takes very different values between the plateau

region and the minimum. However we should also note that this transition of |V ′′(φ)|1/2

from a tiny value during inflation to a larger mφ0 is not necessarily monotonic as shown in

the simplified illustration; |V ′′(φ)|1/2 can instead oscillate due to higher order terms in the

potential while the inflaton’s oscillation amplitude is large.

3.2 End of inflation and reheating

The post-inflationary dynamics of the inflaton and axion is insensitive to the details of the

inflation model, and thus we start our discussion from the time when inflation ends.

Let us for a moment ignore the temperature dependence of the axion mass. Then one

can simultaneously diagonalize the kinetic terms as well as the mass terms so that the

Lagrangian (3.2) with the quadratic inflaton potential (3.5) is rewritten as
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Figure 2. Schematic of the time evolution of the cosmic temperature (left) and scalar field masses
(right) in the inflaxion scenario under consideration (not to scale).

the cosmic temperature during inflation is taken as the de Sitter temperature, while after

inflation it is the radiation temperature arising from the decay of the reheaton. (The de

Sitter and radiation temperatures are connected at the end of inflation for illustration

purposes only.) The right panel shows the evolution of the Hubble rate H (black curve),

the axion mass mσ(T ) (blue), and the effective mass |V ′′(φ)|1/2 of the inflaton (red). The

axion mass during inflation takes its zero-temperature value mσ0, then during reheating

becomes smaller than H for a while, and again becomes mσ0 in the later universe when

T ≪ Λ. The inflaton potential V (φ) is considered to possess a plateau that enables slow-

roll inflation, and hence |V ′′(φ)|1/2 < H during inflation. This inequality breaks down

towards the end of inflation, as the inflaton rolls to its vacuum. Inflation thus ends and

the inflaton starts to oscillate around the minimum of its potential, which we assume to

be approximated by a quadratic,

V (φ) ≃ 1

2
m2
φ0φ

2 for |φ| ≤ |φend|. (3.5)

Here, φend refers to the inflaton field value where inflation ends. The inflaton mass thus

becomes mφ0, which is larger than mσ0 as required in (3.4). We have in mind here small-

field inflation models in which |V ′′(φ)|1/2 takes very different values between the plateau

region and the minimum. However we should also note that this transition of |V ′′(φ)|1/2

from a tiny value during inflation to a larger mφ0 is not necessarily monotonic as shown in

the simplified illustration; |V ′′(φ)|1/2 can instead oscillate due to higher order terms in the

potential while the inflaton’s oscillation amplitude is large.

3.2 End of inflation and reheating

The post-inflationary dynamics of the inflaton and axion is insensitive to the details of the

inflation model, and thus we start our discussion from the time when inflation ends.

Let us for a moment ignore the temperature dependence of the axion mass. Then one

can simultaneously diagonalize the kinetic terms as well as the mass terms so that the

Lagrangian (3.2) with the quadratic inflaton potential (3.5) is rewritten as

L√
−g

=
∑

i=DM,RH

(
−1

2
gµν∂µϕi ∂νϕi −

1

2
m2

iϕ
2
i

)
+ Lc[σ,φ,Ψ], (3.6)
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Summary so far
The dark matter field

is a linear combination of axion and inflaton, hence we dub it inflaxion dark matter.
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After the dynamics that happen during reheating, it is stuck at
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away from the minimum of its potential.

That is the misalignment. From that point on, the calculation of the relic abundance 
proceeds in the same way as for scenario 2.
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Whereas in scenario 2 the initial misalignment angle is not calculable, 
in the inflaxion scenario it is given in terms of the parameters in the Lagrangian.
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Figure 4: Parameter space for axion dark matter in the temperature-dependent inflaxion scenario, shown
for the QCD axion and axion-like particles with di↵erent values of the strong coupling scale ⇤. Axes are
axion decay constant (bottom), zero-temperature axion mass (top), and inflationary Hubble scale (left).
The allowed windows are shown in white. Colored regions lie outside the validity of our analysis since
the following conditions are violated: m�0 > Hinf (blue), m�(Tmax) < Hinf (green), negligible axion self-
interaction (red), and dark matter stability (orange). Contour lines show the inflaton mass at the vacuum in
terms of log

10
(m�0/eV). The inflaton-axion mixing constant is set to ↵ = 1/3, and the inflaton is coupled to

fermions with g�ff = 10�2. See the text for more details.
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Figure 4: Parameter space for axion dark matter in the temperature-dependent inflaxion scenario, shown
for the QCD axion and axion-like particles with di↵erent values of the strong coupling scale ⇤. Axes are
axion decay constant (bottom), zero-temperature axion mass (top), and inflationary Hubble scale (left).
The allowed windows are shown in white. Colored regions lie outside the validity of our analysis since
the following conditions are violated: m�0 > Hinf (blue), m�(Tmax) < Hinf (green), negligible axion self-
interaction (red), and dark matter stability (orange). Contour lines show the inflaton mass at the vacuum in
terms of log

10
(m�0/eV). The inflaton-axion mixing constant is set to ↵ = 1/3, and the inflaton is coupled to

fermions with g�ff = 10�2. See the text for more details.
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Conclusion

An axion (or any scalar) which mixes kinetically with the inflaton can 
provide a good dark matter candidate even if the scale of inflation is lower 
than its mass!


