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“the axion solves more problems than it causes” [cit??]

<latexit sha1_base64="jncgGDIyUufOqQ4wb7StUKj2Czk="></latexit>
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really is that good?

<latexit sha1_base64="AVitAcaCM3w23QQSGfgdtcothC8="></latexit>
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strong CP conservation 

behaves as cold dark matter

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



ingredients:

<latexit sha1_base64="kq/bSl+szzTXwS0BNOchIeJ5+t8="></latexit>
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✓
|�|2 � f2
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(must be only broken by QCD anomaly!)

<latexit sha1_base64="/ZULzB4tLomI2xEbfApD4+4z/zI=">AAAB+3icbVDLSsNAFJ34rPEV69LNYBFclaQLdaFQ0IUrqWAfkIQwmU7boTOTMDMRS8ivuHGhiFt/xJ1/47TNQlsPXDiccy/33hOnjCrtut/Wyura+sZmZcve3tnd23cOqh2VZBKTNk5YInsxUoRRQdqaakZ6qSSIx4x04/H11O8+EqloIh70JCUhR0NBBxQjbaTIqQa+fRflgeTwpltceXYQRk7NrbszwGXilaQGSrQi5yvoJzjjRGjMkFK+56Y6zJHUFDNS2EGmSIrwGA2Jb6hAnKgwn91ewBOj9OEgkaaEhjP190SOuFITHptOjvRILXpT8T/Pz/TgIsypSDNNBJ4vGmQM6gROg4B9KgnWbGIIwpKaWyEeIYmwNnHZJgRv8eVl0mnUvbO6d9+oNS/LOCrgCByDU+CBc9AEt6AF2gCDJ/AMXsGbVVgv1rv1MW9dscqZQ/AH1ucPt0qS6g==</latexit>

NDW = 1
<latexit sha1_base64="Fc+BFnumELnsUbUAH4ikZAuLvbQ=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LBbBU0l6UA8KBS8eK9gPSELZbDft0s0m3d0USujv8OJBEa/+GG/+G7dtDtr6YODx3gwz88KUM6Ud59sqbWxube+Ud+29/YPDo8rxSVslmSS0RRKeyG6IFeVM0JZmmtNuKimOQ0474eh+7ncmVCqWiCc9TWkQ44FgESNYGynwPTvq4TtTth/0KlWn5iyA1olbkCoUaPYqX34/IVlMhSYcK+W5TqqDHEvNCKcz288UTTEZ4QH1DBU4pirIF0fP0IVR+ihKpCmh0UL9PZHjWKlpHJrOGOuhWvXm4n+el+noJsiZSDNNBVkuijKOdILmCaA+k5RoPjUEE8nMrYgMscREm5xsE4K7+vI6addr7lXNfaxXG7dFHGU4g3O4BBeuoQEP0IQWEBjDM7zCmzWxXqx362PZWrKKmVP4A+vzByeQkQc=</latexit>

fa = fa

Peccei-Quinn potential

(KSVZ-type with quarks U and D)
Possibly avoid stable domain walls

(also, ’anthropic’ selection of initial field value?)
Plagued by isocurvatures for H_I >fa

(out of experimental - admx - window?)
Relic abundance from the network?

it’s sensitive to the UV. what changes if we twist the UV?



cosmology of the qcd axion

axion relic abundance depends on cosmological history
with two main scenarios determined by the size of fa

pre-inflationary scenario

relic abundance from misalignment

inflation makes the axion field homogeneous

incalculable initial field value
<latexit sha1_base64="7Vb9SscNsbSef6BHX3RvTCNxdDs=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaL4KokXagboejGZQV7gSSEyXTSDp1MwsyJUEvxVdy4UMSt7+HOt3HaZqGtPwx8/Occzpk/ygTX4DjfVmlldW19o7xZ2dre2d2z9w/aOs0VZS2ailR1I6KZ4JK1gINg3UwxkkSCdaLhzbTeeWBK81TewyhjQUL6ksecEjBWaB/5HgmdKx8GDAzgOCR+ENpVp+bMhJfBLaCKCjVD+8vvpTRPmAQqiNae62QQjIkCTgWbVPxcs4zQIekzz6AkCdPBeHb9BJ8ap4fjVJknAc/c3xNjkmg9SiLTmRAY6MXa1Pyv5uUQXwZjLrMcmKTzRXEuMKR4GgXuccUoiJEBQhU3t2I6IIpQMIFVTAju4peXoV2vuec1965ebVwXcZTRMTpBZ8hFF6iBblETtRBFj+gZvaI368l6sd6tj3lrySpmDtEfWZ8/HDSUWw==</latexit>

a0 = ✓0fa

large (calculable) quantum fluctuations: isocurvatures

<latexit sha1_base64="Sht2lhjTBBhfRrbuJRArXtLE5a8=">AAACG3icbVDLSsNAFJ34rPUVdelmsAgupCRF1JUU3dRdhb6gCWEynbRDZ5IwMxFLyH+48VfcuFDEleDCv3HSZqGtBwYO59zLnXP8mFGpLOvbWFpeWV1bL22UN7e2d3bNvf2OjBKBSRtHLBI9H0nCaEjaiipGerEgiPuMdP3xTe5374mQNApbahITl6NhSAOKkdKSZ9YCD8Er6HCkRoKnHD1kfegEAuG04d1mac2JaXYKW17qCA5z2/XMilW1poCLxC5IBRRoeuanM4hwwkmoMENS9m0rVm6KhKKYkazsJJLECI/RkPQ1DREn0k2n2TJ4rJUBDCKhX6jgVP29kSIu5YT7ejLPIOe9XPzP6ycquHRTGsaJIiGeHQoSBlUE86LggAqCFZtogrCg+q8Qj5AuRuk6y7oEez7yIunUqvZ51b47q9SvizpK4BAcgRNggwtQBw3QBG2AwSN4Bq/gzXgyXox342M2umQUOwfgD4yvH4J0oRs=</latexit>

fa > max[
HI

2⇡
, Tmax]

<latexit sha1_base64="pJkuDcEr+kdCt5/j69Q34w2gYxI=">AAACCHicbVC7TsNAEDyHVwgvAyUFJyKkUBDZKQJlBA1lIpGHFFvW+bJOTjk/dHdGRFZKGn6FhgKEaPkEOv6GS+ICAiOtNJrZ1e6On3AmlWV9GYWV1bX1jeJmaWt7Z3fP3D/oyDgVFNo05rHo+UQCZxG0FVMceokAEvocuv74euZ370BIFke3apKAG5JhxAJGidKSZx47feJljghxszV1OMfEA+zAfVI5r1tnjuuZZatqzYH/EjsnZZSj6ZmfziCmaQiRopxI2betRLkZEYpRDtOSk0pICB2TIfQ1jUgI0s3mj0zxqVYGOIiFrkjhufpzIiOhlJPQ150hUSO57M3E/7x+qoJLN2NRkiqI6GJRkHKsYjxLBQ+YAKr4RBNCBdO3YjoiglClsyvpEOzll/+STq1q16t2q1ZuXOVxFNEROkEVZKML1EA3qInaiKIH9IRe0KvxaDwbb8b7orVg5DOH6BeMj28/zJgv</latexit>

aPQ ⌧ ae exp(�60)Peccei-Quinn broken when the scale factor:



cosmology of the qcd axion

axion relic abundance depends on cosmological history
with two main scenarios determined by the size of fa

post-inflationary scenario

relic abundance uncertain:  string/wall-network

domain wall problem, only KSVZ-type model

large (?) power at small scales, miniclusters

<latexit sha1_base64="q5dp4JVG7rD3jzPgYJ6yI3BczGk=">AAACG3icbVDLSsNAFJ34rPUVdelmsAgupCRF1IWLopu6q9AXNCFMppN26EwSZiZiCfkPN/6KGxeKuBJc+DdO2iy09cDA4Zx7uXOOHzMqlWV9G0vLK6tr66WN8ubW9s6uubffkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/vsn97j0RkkZhS01i4nI0DGlAMVJa8sxa4CF4BR2O1EjwlKOHrA+dQCCcNrzbLK05Mc1OYctLHcFhbrueWbGq1hRwkdgFqYACTc/8dAYRTjgJFWZIyr5txcpNkVAUM5KVnUSSGOExGpK+piHiRLrpNFsGj7UygEEk9AsVnKq/N1LEpZxwX0/mGeS8l4v/ef1EBZduSsM4USTEs0NBwqCKYF4UHFBBsGITTRAWVP8V4hHSxShdZ1mXYM9HXiSdWtU+r9p3Z5X6dVFHCRyCI3ACbHAB6qABmqANMHgEz+AVvBlPxovxbnzMRpeMYucA/IHx9QN/EqEZ</latexit>

fa < max[
HI

2⇡
, Tmax]

no isocurvature at cosmological scales

Peccei-Quinn broken when the scale factor:
<latexit sha1_base64="Dpx7QrcFfD3xG0QbB2a+JLS3QSY=">AAACBXicbVC7TsNAEDyHVwgvAyUUJyKk0ER2CqCMoKFMpLyk2LLWl3NyyvmhuzMistLQ8Cs0FCBEyz/Q8TdcEheQMNJKo5ld7e74CWdSWda3UVhb39jcKm6Xdnb39g/Mw6OOjFNBaJvEPBY9HyTlLKJtxRSnvURQCH1Ou/74duZ376mQLI5aapJQN4RhxAJGQGnJM0+dfqsCXuaIEDea0wsHkkTEDzjwwHE9s2xVrTnwKrFzUkY5Gp755QxikoY0UoSDlH3bSpSbgVCMcDotOamkCZAxDGlf0whCKt1s/sUUn2tlgINY6IoUnqu/JzIIpZyEvu4MQY3ksjcT//P6qQqu3YxFSapoRBaLgpRjFeNZJHjABCWKTzQBIpi+FZMRCCBKB1fSIdjLL6+STq1qX1btZq1cv8njKKITdIYqyEZXqI7uUAO1EUGP6Bm9ojfjyXgx3o2PRWvByGeO0R8Ynz9HIpfM</latexit>

T (aPQ) ⇡ fa



cosmology of the qcd axion

[Grilli di Cortona, Hardy, Villadoro]



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

(aH)�1

meso-inflationary qcd axion

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

1/k ⇠ l

<latexit sha1_base64="a33StBGzh/EaikRCuan0ky1WmKc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0l6sB6LXjxWsB+YhLLZbtqlm92wuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzopQzbVz32yltbG5t75R3K3v7B4dH1eOTrpaZIrRDJJeqH2FNORO0Y5jhtJ8qipOI0140uZ37vSeqNJPiwUxTGiZ4JFjMCDZWegz8gMsRwkE4qNbcursAWideQWpQoD2ofgVDSbKECkM41tr33NSEOVaGEU5nlSDTNMVkgkfUt1TghOowX1w8QxdWGaJYKlvCoIX6eyLHidbTJLKdCTZjverNxf88PzPxdZgzkWaGCrJcFGccGYnm76MhU5QYPrUEE8XsrYiMscLE2JAqNgRv9eV10m3Uvau6d9+otW6KOMpwBudwCR40oQV30IYOEBDwDK/w5mjnxXl3PpatJaeYOYU/cD5/APN4kHE=</latexit>

log a

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

1/H0
—

tested by cmb

<latexit sha1_base64="I76Z/MOvtQarsvhmrXAR/+a2rFE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBPJSkB/VY9OKxQr8gCWWz3bRLdzdhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmRSln2rjut1Pa2Nza3invVvb2Dw6PqscnXZ1kitAOSXii+hHWlDNJO4YZTvupolhEnPaiyf3c7z1RpVki22aa0lDgkWQxI9hYqRf47cFVEA6qNbfuLoDWiVeQGhRoDapfwTAhmaDSEI619j03NWGOlWGE01klyDRNMZngEfUtlVhQHeaLc2fowipDFCfKljRoof6eyLHQeioi2ymwGetVby7+5/mZiW/DnMk0M1SS5aI448gkaP47GjJFieFTSzBRzN6KyBgrTIxNqGJD8FZfXifdRt27rnuPjVrzroijDGdwDpfgwQ004QFa0AECE3iGV3hzUufFeXc+lq0lp5g5hT9wPn8AkyOPEQ==</latexit>

T⇤

pre-

post-

meso-

PQ broken 
after O(20) efolds

Q
C

D transition



meso-inflationary qcd axion

Peccei-Quinn is broken after the start of the last 60 e-folds of inflation

meso-inflationary scenario

no isocurvatures at large scales (no axion initially)

large quantum fluctuations: new contribution to abundance and power spectrum

potentially long-lived string/wall network

calculable
more difficult

to compute

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

d ⇠ 1

kPQ
⌘ 1

H0
exp[�NPQ]

axion emerges at PQ transition,
homogenous today on scales



meso-inflationary realizations

Peccei-Quinn mass term modified by coupling to other dynamics

operator O has a vev during inflation

<latexit sha1_base64="+D/V00xUk/8kG+FmpnI2rkGhjNU="></latexit>

V = �

✓
|�|2 �
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+O|�|2

symmetry restoration for

<latexit sha1_base64="2d0E56wPAwrkoRCLhHcWLiOl3Jw=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZIi6rLoxp0V7AOaWG6mk3boZBJmJmIJ/RE3/oobF4q4cCP+jZM2C209MHA451zu3OPHnClt299WYWl5ZXWtuF7a2Nza3inv7rVUlEhCmyTikez4oChngjY105x2Ykkh9Dlt+6PLzG/fU6lYJG71OKZeCAPBAkZAG6lXPnG7Lgcx4BS7IeghAZ5eT1yZSxDHMnrAJhL6fcBBD+5qrtcrV+yqPQVeJE5OKihHo1f+dPsRSUIqNOGgVNexY+2lIDUjnE5KbqJoDGQEA9o1VEBIlZdOr5vgI6P0cRBJ84TGU/X3RAqhUuPQN8nsAjXvZeJ/XjfRwbmXMhEnmgoyWxQkHOsIZ1XhPpOUaD42BIhk5q+YDEEC0abQkinBmT95kbRqVee06tzUKvWLvI4iOkCH6Bg56AzV0RVqoCYi6BE9o1f0Zj1ZL9a79TGLFqx8Zh/9gfX1A5OdojE=</latexit>

hOi ⇡ �f2
a

<latexit sha1_base64="y7wH6GL8iDhPzDS5TYqoE11/POM=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuqlJF+pKim7qroJ9QBLCZDpph04ezEyEWoq/4saFIm79D3f+jdM2C60euHA4517uvSdIOZPKsr6MwtLyyupacb20sbm1vWPu7rVlkglCWyThiegGWFLOYtpSTHHaTQXFUcBpJxheT/3OPRWSJfGdGqXUi3A/ZiEjWGnJNw9cJ/QxukQN/+a0UnNTduJ6vlm2qtYM6C+xc1KGHE3f/HR7CckiGivCsZSObaXKG2OhGOF0UnIzSVNMhrhPHU1jHFHpjWfXT9CxVnooTISuWKGZ+nNijCMpR1GgOyOsBnLRm4r/eU6mwgtvzOI0UzQm80VhxpFK0DQK1GOCEsVHmmAimL4VkQEWmCgdWEmHYC++/Je0a1X7rGrf1sr1qzyOIhzCEVTAhnOoQwOa0AICD/AEL/BqPBrPxpvxPm8tGPnMPvyC8fENmbiTYg==</latexit>

fa > HI/(2⇡)

[Linde ’91]

unlikely to justify HI ≈ fa
field Phi heavy before the transition, no fluctuations

for example coupling to inflaton



meso-inflationary realizations

Peccei-Quinn mass term modified by coupling to other dynamics

operator O has a vev during inflation

<latexit sha1_base64="+D/V00xUk/8kG+FmpnI2rkGhjNU="></latexit>

V = �

✓
|�|2 �

f2
a
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+O|�|2

symmetry breaking starting with
<latexit sha1_base64="svBFxZBdyWgnO/zSmJ/je3YH5NA=">AAAB/XicbVC5TsNAEB2HK4TLHB3NiggpNMFOARQUETShCxI5JNuy1pt1ssr60O4aKUQRv0JDAUK0/Acdf8MmcQGBJ4309N6MZuYFKWdSWdaXUVhaXlldK66XNja3tnfM3b22TDJBaIskPBHdAEvKWUxbiilOu6mgOAo47QTD66nfuadCsiS+U6OUehHuxyxkBCst+eaB64Q+Rpeo4d+cVmpuyk5czzfLVtWaAf0ldk7KkKPpm59uLyFZRGNFOJbSsa1UeWMsFCOcTkpuJmmKyRD3qaNpjCMqvfHs+gk61koPhYnQFSs0U39OjHEk5SgKdGeE1UAuelPxP8/JVHjhjVmcZorGZL4ozDhSCZpGgXpMUKL4SBNMBNO3IjLAAhOlAyvpEOzFl/+Sdq1qn1Xt21q5fpXHUYRDOIIK2HAOdWhAE1pA4AGe4AVejUfj2Xgz3uetBSOf2YdfMD6+AZaWk2A=</latexit>

fa < HI/(2⇡)

operator O has a vev during inflation

special choice by conformal coupling to Ricci
<latexit sha1_base64="E74fGm5cZDI6x6+aMId52SDa4SA=">AAACA3icbVDLSsNAFL2pr1pfUXe6GSyCG0vSRXUjFN24s4p9QBPKZDpph04ezEyEEgpu/BU3LhRx60+482+ctFlo64ELh3Pu5d57vJgzqSzr2ygsLa+srhXXSxubW9s75u5eS0aJILRJIh6Jjocl5SykTcUUp51YUBx4nLa90VXmtx+okCwK79U4pm6AByHzGcFKSz3zwOk6AVZDgnl6M7k4dXyBiV1Dd47bM8tWxZoCLRI7J2XI0eiZX04/IklAQ0U4lrJrW7FyUywUI5xOSk4iaYzJCA9oV9MQB1S66fSHCTrWSh/5kdAVKjRVf0+kOJByHHi6M7tXznuZ+J/XTZR/7qYsjBNFQzJb5CccqQhlgaA+E5QoPtYEE8H0rYgMsU5B6dhKOgR7/uVF0qpW7FrFvq2W65d5HEU4hCM4ARvOoA7X0IAmEHiEZ3iFN+PJeDHejY9Za8HIZ/bhD4zPH6Kelts=</latexit>

O = �
1

6
R

requires drop in Hubble during PQ transition (non trivial inflationary scenario)

can explain parameter space HI ≈ fa

[i will not give more details than these, let’s see what are the consequences of the scenario]



at the PQ phase transition during inflation

<latexit sha1_base64="TbNC0FowPKx/tBWG2j81vjVqnOQ=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuSiKiLotu6q4F+4A2hMl00g6dR5iZiCV068ZfceNCEbf+gTv/xmkbRFsPXDiccy/33hMljGrjeV/O0vLK6tp6YaO4ubW9s+vu7Te1TBUmDSyZVO0IacKoIA1DDSPtRBHEI0Za0fB64rfuiNJUilszSkjAUV/QmGJkrBS6cBhmXcVhrT7uoiRR8h6iHwVWw5vQLXllbwq4SPyclECOWuh+dnsSp5wIgxnSuuN7iQkypAzFjIyL3VSTBOEh6pOOpQJxooNs+skYHlulB2OpbAkDp+rviQxxrUc8sp0cmYGe9ybif14nNfFlkFGRpIYIPFsUpwwaCSexwB5VBBs2sgRhRe2tEA+QQtjY8Io2BH/+5UXSPC3752W/flaqXOVxFMAhOAInwAcXoAKqoAYaAIMH8ARewKvz6Dw7b877rHXJyWcOwB84H992vZmJ</latexit>

kPQ ⇡ aPQHI

field homogenous on these patches

unconstrained quantum fluctuations

<latexit sha1_base64="IF+cAj+aI1ob/0I5t7QzQVIyadY=">AAACKnicbZDLSgMxFIYz3q23qks3wSIoSJkpoi69bOpOwarQqeVMeqYGM5mQZMQy9Hnc+CpuXCjFrQ9iWge8Hgh8/P85nJw/UoIb6/sDb2x8YnJqema2NDe/sLhUXl65MGmmGTZYKlJ9FYFBwSU2LLcCr5RGSCKBl9Ht8dC/vENteCrPbU9hK4Gu5DFnYJ3ULh+GAmRXIA07KCxQCLe/UBcWKKXTexrGGlheb59c1/r5Zi1UfMtRu1zxq/6o6F8ICqiQok7b5eewk7IsQWmZAGOaga9sKwdtORPYL4WZQQXsFrrYdCghQdPKR6f26YZTOjROtXvS0pH6fSKHxJheErnOBOyN+e0Nxf+8Zmbj/VbOpcosSva5KM4EtSkd5kY7XCOzoucAmObur5TdgAvEunRLLoTg98l/4aJWDXarwdlO5eCoiGOGrJF1skkCskcOSJ2ckgZh5IE8kRfy6j16z97Ae/tsHfOKmVXyo7z3D/K1pls=</latexit>

h�a �ai ⇡ H
2
I

(2⇡)2
<latexit sha1_base64="oiAv5u57fjvlBDsQyb/Ma2EH5UQ=">AAACAnicbVC7TsMwFHXKq5RXgAmxWLRITFXSARgrWBhbiT6kJooc12mt2nFkO0hVVLHwKywMIMTKV7DxNzhtBmg509E55+ree8KEUaUd59sqra1vbG6Vtys7u3v7B/bhUVeJVGLSwYIJ2Q+RIozGpKOpZqSfSIJ4yEgvnNzmfu+BSEVFfK+nCfE5GsU0ohhpIwX2SSQkrE28kTYZDidB5kkOW+1ZLbCrTt2ZA64StyBVUKAV2F/eUOCUk1hjhpQauE6i/QxJTTEjs4qXKpIgPEEjMjA0RpwoP5u/MIPnRhnC/JhIxBrO1d8TGeJKTXlokhzpsVr2cvE/b5Dq6NrPaJykmsR4sShKGdQC5n3AIZUEazY1BGFJza0Qj5FEWJvWKqYEd/nlVdJt1N3LuttuVJs3RR1lcArOwAVwwRVogjvQAh2AwSN4Bq/gzXqyXqx362MRLVnFzDH4A+vzBxMllpM=</latexit>

for k & kPQ

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

⇡ 1/HI

one string per patch, that soon leaves the horizon

<latexit sha1_base64="FTTN+qHZUSid8+CKN+5QClmzUiw=">AAACEXicbVC7TsMwFHXKq5RXgZHFokLqVCUVr7GChbFI9CE1aXTjOq1Vx4lsB1FF/QUWfoWFAYRY2dj4G9zHAC1HutLxOffK954g4Uxp2/62ciura+sb+c3C1vbO7l5x/6Cp4lQS2iAxj2U7AEU5E7Shmea0nUgKUcBpKxheT/zWPZWKxeJOjxLqRdAXLGQEtJH8YtnlIPqcYvDtbhW7cvZyIUlk/ICrFecMhz50q36xZFfsKfAyceakhOao+8UvtxeTNKJCEw5KdRw70V4GUjPC6bjgpoomQIbQpx1DBURUedn0ojE+MUoPh7E0JTSeqr8nMoiUGkWB6YxAD9SiNxH/8zqpDi+9jIkk1VSQ2UdhyrGO8SQe3GOSEs1HhgCRzOyKyQAkEG1CLJgQnMWTl0nTpHZecW5PS7WreRx5dISOURk56ALV0A2qowYi6BE9o1f0Zj1ZL9a79TFrzVnzmUP0B9bnD2YRm3c=</latexit>

ha20i ⇡ 2.15f2
a

need to estimate how much energy is stored in the axion field in these three contribution

<latexit sha1_base64="rRA55R7wJBdaWNTqgkl8+84C/Eg=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYkBV0gEYK1jYKBJ9SEkUOa7TWrWdyHaQqigLv8LCAEKsfAYbf4PbZoCWI13p6Jx7de89Ucqo0o7zbVVWVtfWN6qbta3tnd09e/+gq5JMYtLBCUtkP0KKMCpIR1PNSD+VBPGIkV40vpn6vUciFU3Eg56kJOBoKGhMMdJGCu0j3/PvOBmiMEfnvuSQU9Uo/CC0607DmQEuE7ckdVCiHdpf/iDBGSdCY4aU8lwn1UGOpKaYkaLmZ4qkCI/RkHiGCsSJCvLZAwU8NcoAxok0JTScqb8ncsSVmvDIdHKkR2rRm4r/eV6m46sgpyLNNBF4vijOGNQJnKYBB1QSrNnEEIQlNbdCPEISYW0yq5kQ3MWXl0m32XAvGu59s966LuOogmNwAs6ACy5BC9yCNugADArwDF7Bm/VkvVjv1se8tWKVM4fgD6zPH/fUlgA=</latexit>

⌦a,mis.

<latexit sha1_base64="rrc4nHrdxjs946qHF/qirfX2m9E=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYkBV0gEYK1jYKBJ9SEkUOa7TWrWdyHaQqigLv8LCAEKsfAYbf4PbZoCWI13p6Jx7de89Ucqo0o7zbVVWVtfWN6qbta3tnd09e/+gq5JMYtLBCUtkP0KKMCpIR1PNSD+VBPGIkV40vpn6vUciFU3Eg56kJOBoKGhMMdJGCu0j3/PvOBmiMEfnvuSQirhR+EFo152GMwNcJm5J6qBEO7S//EGCM06Exgwp5blOqoMcSU0xI0XNzxRJER6jIfEMFYgTFeSzBwp4apQBjBNpSmg4U39P5IgrNeGR6eRIj9SiNxX/87xMx1dBTkWaaSLwfFGcMagTOE0DDqgkWLOJIQhLam6FeIQkwtpkVjMhuIsvL5Nus+FeNNz7Zr11XcZRBcfgBJwBF1yCFrgFbdABGBTgGbyCN+vJerHerY95a8UqZw7BH1ifP+VxlfQ=</latexit>

⌦a,inf.

<latexit sha1_base64="gOIqhrfGyREgBx886FGCWoVoQn8=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8EgWEjYTaGWQRs7I5gH7C5hdnKTDJmZXWZmhbBs46/YWChi62fY+TdOHoUmHrhwOOde7r0nSjjTxnW/ncLK6tr6RnGztLW9s7tX3j9o6ThVFJo05rHqREQDZxKahhkOnUQBERGHdjS6mfjtR1CaxfLBjBMIBRlI1meUGCt1y0eBH9wJGJBuRs4DJbAEU82DsFuuuFV3CrxMvDmpoDka3fJX0ItpKkAayonWvucmJsyIMoxyyEtBqiEhdEQG4FsqiQAdZtMHcnxqlR7ux8qWNHiq/p7IiNB6LCLbKYgZ6kVvIv7n+anpX4UZk0lqQNLZon7KsYnxJA3cYwqo4WNLCFXM3orpkChCjc2sZEPwFl9eJq1a1buoeve1Sv16HkcRHaMTdIY8dInq6BY1UBNRlKNn9IrenCfnxXl3PmatBWc+c4j+wPn8AfTClf4=</latexit>

⌦a,net.

<latexit sha1_base64="en2bdSstom0fjUfKSdVfaP/IhYM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkJJRNSNUHTjsoJ9QBvCzWTSDp08mJmIJXbhr7hxoYhbf8Odf+Ok7UJbD1w4nHMv997jJZxJZVnfRmFhcWl5pbhaWlvf2Nwyt3eaMk4FoQ0S81i0PZCUs4g2FFOcthNBIfQ4bXmD69xv3VMhWRzdqWFCnRB6EQsYAaUl19yDysPRJbgWPsZdn3IFOFdcs2xVrTHwPLGnpIymqLvmV9ePSRrSSBEOUnZsK1FOBkIxwumo1E0lTYAMoEc7mkYQUulk4/tH+FArPg5ioStSeKz+nsgglHIYerozBNWXs14u/ud1UhVcOBmLklTRiEwWBSnHKsZ5GNhnghLFh5oAEUzfikkfBBClIyvpEOzZl+dJ86Rqn1Xt29Ny7WoaRxHtowNUQTY6RzV0g+qogQh6RM/oFb0ZT8aL8W58TFoLxnRmF/2B8fkDuzOT/w==</latexit>

a(x) = a0 + �a(x)



axion abundance from inflationary fluctuations

mechanism of inflationary production of minimally coupled scalars
(scalar/tensor perturbations, production of Stueckelberg vector from inflation…)

<latexit sha1_base64="FirYi3NvYDcWfqdoavx0Q4y56zo="></latexit>
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<latexit sha1_base64="MIqKgCnU3PDyrKRoC5fXugg4xVw="></latexit>
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classical evolution after horizon exit

<latexit sha1_base64="c83mZi9S1TA1a7pZHzocIy7PKLc=">AAACF3icbVC7TsMwFHXKq5RXgJHFokFiQFXSAViQKlgYi0QfUhtFjuu0Vp2H7BtEFfoXLPwKCwMIscLG3+C2GaDlSFc6Oude+97jJ4IrsO1vo7C0vLK6VlwvbWxube+Yu3tNFaeSsgaNRSzbPlFM8Ig1gINg7UQyEvqCtfzh1cRv3TGpeBzdwihhbkj6EQ84JaAlz6xgK/WGD17WlSFm9xzGF451gq1uLwY879iWZ5btij0FXiROTsooR90zv/RLNA1ZBFQQpTqOnYCbEQmcCjYudVPFEkKHpM86mkYkZMrNpneN8ZFWejiIpa4I8FT9PZGRUKlR6OvOkMBAzXsT8T+vk0Jw7mY8SlJgEZ19FKQCQ4wnIeEel4yCGGlCqOR6V0wHRBIKOsqSDsGZP3mRNKsV57Ti3FTLtcs8jiI6QIfoGDnoDNXQNaqjBqLoET2jV/RmPBkvxrvxMWstGPnMPvoD4/MHs4yeYw==</latexit>

uk|exit = 1, u̇k|exit = 0

<latexit sha1_base64="OBvKNC+GmLBsJLGYWll44FLnFLs=">AAAB+3icbVC7TsMwFHV4lvIKZWSxqJDKUpIMwFjBUrYi0YeUpJHjOq1Vx4lsB1FF/RUWBhBi5UfY+BvcNgO0HOlKR+fcq3vvCVNGpbKsb2NtfWNza7u0U97d2z84NI8qHZlkApM2TlgieiGShFFO2ooqRnqpICgOGemG49uZ330kQtKEP6hJSvwYDTmNKEZKS4FZ8dxmcNd3LmqOl9LzvuP5gVm16tYccJXYBamCAq3A/PIGCc5iwhVmSErXtlLl50goihmZlr1MkhThMRoSV1OOYiL9fH77FJ5pZQCjROjiCs7V3xM5iqWcxKHujJEayWVvJv7nuZmKrv2c8jRThOPFoihjUCVwFgQcUEGwYhNNEBZU3wrxCAmElY6rrEOwl19eJR2nbl/W7Xun2rgp4iiBE3AKasAGV6ABmqAF2gCDJ/AMXsGbMTVejHfjY9G6ZhQzx+APjM8ffK6Syg==</latexit>

H
2
I /(2⇡)

2

<latexit sha1_base64="PUA6yBZd/Wj8ShJSCuGg9sW03Co=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwFZJU27orunFZwT6giWUynbRDJ5kwMxFr6Je4caGIWz/FnX/jpK2gogcuHM65l3vvCRJGpbLtD2NpeWV1bb2wUdzc2t4pmbt7bclTgUkLc8ZFN0CSMBqTlqKKkW4iCIoCRjrB+CL3O7dESMrjazVJiB+hYUxDipHSUt8seT0PJYngd3B843p+3yzb1lm96p660LZsu+ZWqjlxayduBTpayVEGCzT75rs34DiNSKwwQ1L2HDtRfoaEopiRadFLJUkQHqMh6Wkao4hIP5sdPoVHWhnAkAtdsYIz9ftEhiIpJ1GgOyOkRvK3l4t/eb1UhXU/o3GSKhLj+aIwZVBxmKcAB1QQrNhEE4QF1bdCPEICYaWzKuoQvj6F/5O2azlVy7lyy43zRRwFcAAOwTFwQA00wCVoghbAIAUP4Ak8G/fGo/FivM5bl4zFzD74AePtE5Gnkwo=</latexit>

⇡ k2

<latexit sha1_base64="AFmuhmKsOOZ8BOnaUVkP2r60Pv8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCqzKJUNtd0Y3LCvYBSSyT6aQdOpmEmYlYS7/EjQtF3Pop7vwbJ20FFT1w4XDOvdx7T5hypjRCH1ZhZXVtfaO4Wdra3tkt23v7HZVkktA2SXgieyFWlDNB25ppTnuppDgOOe2G44vc795SqVgirvUkpUGMh4JFjGBtpL5d9j0fp6lM7uD45tQP+nYFVZFBrQZz4tSRY0ijUXfdBnTmFkIVsESrb7/7g4RkMRWacKyU56BUB1MsNSOczkp+pmiKyRgPqWeowDFVwXR++AweG2UAo0SaEhrO1e8TUxwrNYlD0xljPVK/vVz8y/MyHdWDKRNppqkgi0VRxqFOYJ4CHDBJieYTQzCRzNwKyQhLTLTJqmRC+PoU/k86btWpVZ0rt9I8X8ZRBIfgCJwAB5yBJrgELdAGBGTgATyBZ+veerRerNdFa8FazhyAH7DePgGHiZME</latexit>

⇡ k3

PQ broken
10-6 10-5 10-4 10-3 10-2 10-1

k/kmax

<latexit sha1_base64="6GP4PklV3Ud/Xy+O46ht1gbJkds=">AAACAHicbVC7SgNBFJ31GeMramFhMxgECwm7KdQyqIVlBPOA7LLMTu4mQ2YfzNwVw5LGX7GxUMTWz7Dzb5w8Ck08cOFwzr3ce0+QSqHRtr+tpeWV1bX1wkZxc2t7Z7e0t9/USaY4NHgiE9UOmAYpYmigQAntVAGLAgmtYHA99lsPoLRI4nscpuBFrBeLUHCGRvJLh27HvQGJzM/ZmasiCo8CR67nl8p2xZ6ALhJnRspkhrpf+nK7Cc8iiJFLpnXHsVP0cqZQcAmjoptpSBkfsB50DI1ZBNrLJw+M6IlRujRMlKkY6UT9PZGzSOthFJjOiGFfz3tj8T+vk2F46eUiTjOEmE8XhZmkmNBxGrQrFHCUQ0MYV8LcSnmfKcbRZFY0ITjzLy+SZrXinFecu2q5djWLo0COyDE5JQ65IDVyS+qkQTgZkWfySt6sJ+vFerc+pq1L1mzmgPyB9fkDX56WRA==</latexit>

! a,exit



axion abundance from inflationary fluctuations

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

(aH)�1

<latexit sha1_base64="KsIGWyFGlk+Hc7Va9XgcjZg6IDg=">AAAB+HicbVC7TgJBFJ3FF+KDVUubiWBiRXYp1JJoY4mJgAlsNrPDLEyYnZnMw4iEL7Gx0BhbP8XOv3GALRQ8yU1Ozrk3996TSEa1CYJvr7C2vrG5Vdwu7ezu7Zf9g8O2FlZh0sKCCXWfIE0Y5aRlqGHkXiqCsoSRTjK6nvmdB6I0FfzOjCWJMjTgNKUYGSfFfrlq4xHsISmVeIRhNfYrQS2YA66SMCcVkKMZ+1+9vsA2I9xghrTuhoE00QQpQzEj01LPaiIRHqEB6TrKUUZ0NJkfPoWnTunDVChX3MC5+ntigjKtx1niOjNkhnrZm4n/eV1r0stoQrm0hnC8WJRaBo2AsxRgnyqCDRs7grCi7laIh0ghbFxWJRdCuPzyKmnXa+F5LbytVxpXeRxFcAxOwBkIwQVogBvQBC2AgQXP4BW8eU/ei/fufSxaC14+cwT+wPv8AUvbkjM=</latexit>

uk ! 1

<latexit sha1_base64="F/xqX0F3u4x7gP7U/ljSq4Q9jps=">AAACA3icbVA9TwJBEN3DL8Qv1E6bjWBihXcUakm0scREPhJAMrfMwYa9j+zuGcmFxMa/YmOhMbb+CTv/jQtcoeBLJnl5byYz89xIcKVt+9vKLC2vrK5l13Mbm1vbO/ndvboKY8mwxkIRyqYLCgUPsKa5FtiMJILvCmy4w6uJ37hHqXgY3OpRhB0f+gH3OANtpG7+oBh3h7QNUSTDB4p3CR+2UcP4FIrdfMEu2VPQReKkpEBSVLv5r3YvZLGPgWYClGo5dqQ7CUjNmcBxrh0rjIANoY8tQwPwUXWS6Q9jemyUHvVCaSrQdKr+nkjAV2rku6bTBz1Q895E/M9rxdq76CQ8iGKNAZst8mJBdUgngdAel8i0GBkCTHJzK2UDkMC0iS1nQnDmX14k9XLJOSs5N+VC5TKNI0sOyRE5IQ45JxVyTaqkRhh5JM/klbxZT9aL9W59zFozVjqzT/7A+vwBDxSXJQ==</latexit>

uk ! eik ! /a

<latexit sha1_base64="w+8Rmcc7pqlpgfhn1H9fL2JJxfk=">AAAB83icbVA9TwJBEJ3DL8Qv1NJmI5hgIbmjUEuijSUm8pHASfaWPdiwu3fZ3TMhF/6GjYXG2Ppn7Pw3LnCFgi+Z5OW9mczMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H49uZ336iSrNIPphJTH2Bh5KFjGBjpV65gpE4f0wvvGm5Xyy5VXcOtEq8jJQgQ6Nf/OoNIpIIKg3hWOuu58bGT7EyjHA6LfQSTWNMxnhIu5ZKLKj20/nNU3RmlQEKI2VLGjRXf0+kWGg9EYHtFNiM9LI3E//zuokJr/2UyTgxVJLFojDhyERoFgAaMEWJ4RNLMFHM3orICCtMjI2pYEPwll9eJa1a1buseve1Uv0miyMPJ3AKFfDgCupwBw1oAoEYnuEV3pzEeXHenY9Fa87JZo7hD5zPH75PkDE=</latexit>(am
) !

1

<latexit sha1_base64="tyaYlUrV5E+DTZMaoxEQWp+Oo9s=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKtTEh2lBi4gEJXMjesgcbdvcuu3sm5MJvsLHQGFt/kJ3/xgWuUPAlk7y8N5OZeWHCmTau++0UNja3tneKu6W9/YPDo/LxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzP/c4TVZrF8tFMExoIPJIsYgQbK/nV5q2oDsoVt+YugNaJl5MK5GgNyl/9YUxSQaUhHGvd89zEBBlWhhFOZ6V+qmmCyQSPaM9SiQXVQbY4doYurDJEUaxsSYMW6u+JDAutpyK0nQKbsV715uJ/Xi810U2QMZmkhkqyXBSlHJkYzT9HQ6YoMXxqCSaK2VsRGWOFibH5lGwI3urL66Rdr3lXNe+hXmnc5XEU4QzO4RI8uIYGNKEFPhBg8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwCjoo3q</latexit> H
=

m

<latexit sha1_base64="zW4+yznfTi3GdF2pZjsyXaoyL50=">AAACCHicbVC7TsMwFHV4lvIKMDJg0SIxtUmRgLGChbFI9CG1aeS4TmvVsSPbQVRRRhZ+hYUBhFj5BDb+BvcxQMuRrnR0zr26954gZlRpx/m2lpZXVtfWcxv5za3tnV17b7+hRCIxqWPBhGwFSBFGOalrqhlpxZKgKGCkGQyvx37znkhFBb/To5h4EepzGlKMtJF8+6iY+EPYQXEsxQMk3ZTCCOqsjLrpWbmSFX274JScCeAicWekAGao+fZXpydwEhGuMUNKtV0n1l6KpKaYkSzfSRSJER6iPmkbylFElJdOHsngiVF6MBTSFNdwov6eSFGk1CgKTGeE9EDNe2PxP6+d6PDSSymPE004ni4KEwa1gONUYI9KgjUbGYKwpOZWiAdIIqxNdnkTgjv/8iJpVEruecm9rRSqV7M4cuAQHINT4IILUAU3oAbqAINH8AxewZv1ZL1Y79bHtHXJms0cgD+wPn8AiXyYYQ==</latexit>

uk ! eimt /a 3/ 2

classical evolution determines the spectral shape of the energy density

 [as in Graham, Mardon, Rajendran]



axion abundance from inflationary fluctuations
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<latexit sha1_base64="rdGfXi5RPXWy1z7Rq8xZ1dZEpbQ=">AAACFHicbVDLSgMxFM34rPU16tJNsBVEocx0oS6LbrqsYB/QKcOdNG1Dk5lpkhHL0I9w46+4caGIWxfu/BvTB6KtBy6cnHMvufcEMWdKO86XtbS8srq2ntnIbm5t7+zae/s1FSWS0CqJeCQbASjKWUirmmlOG7GkIAJO60H/euzX76hULApv9TCmLQHdkHUYAW0k3z7L9/1TD+JYRvcY/NSTAtPByFMDqdPyz1v4MMr7ds4pOBPgReLOSA7NUPHtT68dkUTQUBMOSjVdJ9atFKRmhNNR1ksUjYH0oUubhoYgqGqlk6NG+NgobdyJpKlQ44n6eyIFodRQBKZTgO6peW8s/uc1E925bKUsjBNNQzL9qJNwrCM8Tgi3maRE86EhQCQzu2LSAwlEmxyzJgR3/uRFUisW3POCe1PMla5mcWTQITpCJ8hFF6iEyqiCqoigB/SEXtCr9Wg9W2/W+7R1yZrNHKA/sD6+AdVpnrM=</latexit>

k! ! aeq
!

Heqma

<latexit sha1_base64="KE5jp9Ij0WoRz30jNbici6NmxfY="></latexit>

! inf
a

! mis
a

! log(
k!

kPQ
) "

!
H I

2! f a

" 2

sizeable contribution to relic abundance from quantum fluctuations



isocurvature power spectrum

isocurvature power spectrum calculable knowing as a function of time
it is confined to short scales

<latexit sha1_base64="+CS2BTVfJu4oPcDUl6eJiBLHM48="></latexit>

!
!" a

ø" a

!" a

ø" a
"

!
!
!
!
iso

#
!a(#, x)a(#, 0)"2 + 4a2

0!a(#, x)a(#, 0)"
(a2

0 + !a(#)2")2

new contribution
(non-gaussian)

<latexit sha1_base64="w7FRdwr8wpWKe65h1y0cdy4tbn8="></latexit>

! iso
! a

(! , k) =
" 2

a, inf

" 2
a!a2"2

k3

4"

!
d3q

! a(! , q)! a(! , |#k # #q|)

q3|#k # #q|3
+ 4

" a, inf " a,mis

" 2
a!a2"

! a(k)

usual term for axion DM

[similar to dark photon from inflation]



isocurvature power spectrum
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<latexit sha1_base64="+yHXSEkHnZhCwobNMgvzzjjU6BQ="></latexit>

! iso
! a

(! , k) !
" 2

a, inf

" 2
a

k3

3 log2(k! /k PQ )k3
PQ

the pure quantum contribution
(present also for no misalignment)

is universal and goes as k^3



isocurvature power spectrum

the O(1) overdensity on the plateau leads to the formation of mini-halos and mini-clusters

also bounds from CMB, spectral distortions and structures

a generic isocurvature power spectrum
<latexit sha1_base64="Z3tO5CYnPcRftkYOQDw/kDPvXi8=">AAACD3icbZDLSsNAFIYn9VbrLerSzWBR6qYmKupCoaILlxXsBZoYJtNpO2SSCTMToYS+gRtfxY0LRdy6defbOG0DausPAx//OYcz5/djRqWyrC8jNzM7N7+QXywsLa+srpnrG3XJE4FJDXPGRdNHkjAakZqiipFmLAgKfUYafnA5rDfuiZCUR7eqHxM3RN2IdihGSlueuetcEaaQlzoihFTywfnFD8NSsB941t7doWcWrbI1EpwGO4MiyFT1zE+nzXESkkhhhqRs2Vas3BQJRTEjg4KTSBIjHKAuaWmMUEikm47uGcAd7bRhhwv9IgVH7u+JFIVS9kNfd4ZI9eRkbWj+V2slqnPqpjSKE0UiPF7USRhUHA7DgW0qCFasrwFhQfVfIe4hgbDSERZ0CPbkydNQPyjbx2X75qhYOcviyIMtsA1KwAYnoAKuQRXUAAYP4Am8gFfj0Xg23oz3cWvOyGY2wR8ZH99ANJt7</latexit>

! iso = Aiso(k/k 0)3
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[Gorghetto, Hardy et al]

<latexit sha1_base64="ACk/u3Pw9fUWWhjOljtPi/xf+6Y=">AAACCHicbVDLSsNAFJ3UV42vqEsXBovgxpIUfCwUCm7cCBXsA5IYJtNpO3RmEmYmQglduvFX3LhQxK2f4M6/cdJmoa0HBg7n3Hvn3hMllEjlON9GaWFxaXmlvGqurW9sblnbOy0ZpwLhJoppLDoRlJgSjpuKKIo7icCQRRS3o+FV7rcfsJAk5ndqlOCAwT4nPYKg0lJo7fueOQydS6fqnPgMqoFg2U2CxvfZsTs2/SC0KtqawJ4nbkEqoEAjtL78boxShrlCFErpuU6iggwKRRDFemQqcQLREPaxpymHDMsgmxwytg+10rV7sdCPK3ui/u7IIJNyxCJdme8qZ71c/M/zUtU7DzLCk1RhjqYf9VJqq9jOU7G7RGCk6EgTiATRu9poAAVESmdn6hDc2ZPnSatWdU+r7m2tUr8o4iiDPXAAjoALzkAdXIMGaAIEHsEzeAVvxpPxYrwbH9PSklH07II/MD5/AAHdmA4=</latexit>

k0 = 0 .05Mpc! 1

<latexit sha1_base64="pDJwyXBYof4gguFyddk6FN5UrT8="></latexit>

A iso |lyman ! ! ! 10! 14

<latexit sha1_base64="6O/Crh7PSLDqMnK7Yg9H5lI4nKI="></latexit>

M cluster ! 10! 16M " (k#/k )3

<latexit sha1_base64="bh8LwlYc3gcXKIcNA76TgcyfHvw="></latexit>

A iso |pixie ! 10! 11
<latexit sha1_base64="OOfB6vxxP5S2EfKu8hQ3oq3c2gs="></latexit>

A iso |cmb ! 0.8 10! 10



[matter power spectrum]

the cdm linear matter power spectrum has a drop 1/k^3
new effects grow with k (like SMEFT at colliders…)
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(for uncorrelated iso)

<latexit sha1_base64="XVSDlGVFm7BEfgDe6m7Oyabyo1k="></latexit>

Pm (k) !
1
k3

!
! ! (k) + ! ! iso(k)

"
! !

Aiso

k3
0

(ongoing work!)

[CLASS]



qcd axion without strings and isocurvatures
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axion abundance from the string network

inhomogeneities generated at the PQ phase transition leave the horizon immediately

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

(aH)�1

<latexit sha1_base64="I76Z/MOvtQarsvhmrXAR/+a2rFE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBPJSkB/VY9OKxQr8gCWWz3bRLdzdhdyOU0B/hxYMiXv093vw3btsctPXBwOO9GWbmRSln2rjut1Pa2Nza3invVvb2Dw6PqscnXZ1kitAOSXii+hHWlDNJO4YZTvupolhEnPaiyf3c7z1RpVki22aa0lDgkWQxI9hYqRf47cFVEA6qNbfuLoDWiVeQGhRoDapfwTAhmaDSEI619j03NWGOlWGE01klyDRNMZngEfUtlVhQHeaLc2fowipDFCfKljRoof6eyLHQeioi2ymwGetVby7+5/mZiW/DnMk0M1SS5aI448gkaP47GjJFieFTSzBRzN6KyBgrTIxNqGJD8FZfXifdRt27rnuPjVrzroijDGdwDpfgwQ004QFa0AECE3iGV3hzUufFeXc+lq0lp5g5hT9wPn8AkyOPEQ==</latexit>

T⇤

axion oscillations

they re-enter the horizon at Tnet, before or after the QCD transition
when they start to evolve and annihilate

<latexit sha1_base64="j9Mq4mb0yHilADuEtl6VQv3q+TU=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LBbBU0lqqw14KHjxWKFfkIay2W7bpZtN2J0IJfRnePGgiFd/jTf/jZu2goo+GHi8N8PMvCAWXINtf1i5tfWNza38dmFnd2//oHh41NFRoihr00hEqhcQzQSXrA0cBOvFipEwEKwbTG8yv3vPlOaRbMEsZn5IxpKPOCVgJK81SPsqxJLBfFAs2WW3XqtVK9gu27ZbrV0Y4rquU3ewY5QMJbRCc1B87w8jmoRMAhVEa8+xY/BTooBTweaFfqJZTOiUjJlnqCQh0366OHmOz4wyxKNImZKAF+r3iZSEWs/CwHSGBCb6t5eJf3leAqO6n3IZJ8AkXS4aJQJDhLP/8ZArRkHMDCFUcXMrphOiCAWTUsGE8PUp/p90KmXnsuzcVUuN61UceXSCTtE5ctAVaqBb1ERtRFGEHtATerbAerRerNdla85azRyjH7DePgG/dZGQ</latexit>

Tnet

collapse of the netw
ork



axion abundance from the string network

if they enter the horizon after the axion starts to oscillate, 
they behave like a long lived network

the domain wall energy density can easily become dominant
<latexit sha1_base64="LPR9q9sko7B4sguxY4XbeaFMDUI=">AAACFXicbZDLSgMxFIYz3q23UZdugkWoIGWmCy/gQnDTZQVrhc44nEkzNphMhiSjlqEv4cZXceNCEbeCO9/G9LLQ6g+Bj/+cw8n544wzbTzvy5manpmdm19YLC0tr6yuuesbF1rmitAmkVyqyxg05SylTcMMp5eZoiBiTlvxzemg3rqlSjOZnpteRkMB1ylLGAFjrcjdC9qB6sqoCJTAnbt+AFmm5D0+wiKCyvkuTiK4quG6xSCM3LJX9YbCf8EfQxmN1Yjcz6AjSS5oaggHrdu+l5mwAGUY4bRfCnJNMyA3cE3bFlMQVIfF8Ko+3rFOBydS2ZcaPHR/ThQgtO6J2HYKMF09WRuY/9XauUkOw4KlWW5oSkaLkpxjI/EgItxhihLDexaAKGb/ikkXFBBjgyzZEPzJk//CRa3q71f9s1r55HgcxwLaQtuognx0gE5QHTVQExH0gJ7QC3p1Hp1n5815H7VOOeOZTfRLzsc3pGmdJw==</latexit>

! dw ! 9ma(T)f 2
a H (T)

when they enter the horizon, they immediately decay/annihilate to axions

final abundance depends on details, hard to compute
lower bound given by astrophysical constraints on the axion decay constant

<latexit sha1_base64="/BYfGLQZYpy31k+0xBZw4VGlo88="></latexit>

! net .
a ! ! mis

a e(23 ! N PQ )

<latexit sha1_base64="zdKriuqs8OnPTQIHmsKV1U1vw7s="></latexit>

f a ! 109GeV " NPQ ! 18# 20

<latexit sha1_base64="v5i3vc4QzcDf6oLVLjqjgMMAUlo=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBDEIuymUAuLgI1lhLwguyyzk5tkyMzsMjMrhCWFjb9iY6GIrR9h5984eRSaeODC4Zx7ufeeOOVMG8/7dtbWNza3tgs7xd29/YND9+i4pZNMUWjShCeqExMNnEloGmY4dFIFRMQc2vHoduq3H0BplsiGGacQCjKQrM8oMVaK3FLQbUR5oASWYCYBB601E7gRXQRh5Ja9ijcDXiX+gpTRAvXI/Qp6Cc0ESEM50brre6kJc6IMoxwmxSDTkBI6IgPoWiqJAB3msycm+MwqPdxPlC1p8Ez9PZETofVYxLZTEDPUy95U/M/rZqZ/HeZMppkBSeeL+hnHJsHTRHCPKaCGjy0hVDF7K6ZDogg1NreiDcFffnmVtKoV/7Li31fLtZtFHAVUQqfoHPnoCtXQHaqjJqLoET2jV/TmPDkvzrvzMW9dcxYzJ+gPnM8fO+GXzQ==</latexit>

Tnet ! T!



axion abundance from the string network
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conclusions



axion + isocurvature

so far less explored scenario for axion dark matter,
with signatures

lyman-alpha + miniclusters/minihalos/stars..

interesting to explore the cases: 
- of ALP dark matter
- of phase transitions during inflation (heavy to light, conformal to minimal,..)

THANK YOU!

outlook


