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ALP Cogenesis



ALP
Axion-like particles

Cogenesis
Generation of both the baryon (baryogenesis) and dark matter abundances.
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Dark matter from conventional misalignment mechanism
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Axions

<-fa->

P =
S + fap

2
ei fa

<latexit sha1_base64="ypG2DkaEx5RI4yJ/7pdWyFhSXmc=">AAACGXicdZDLSsNAFIYnXmu9RV26GSyCIJSkInUjFN24rGgv0MQwmU7aoZOLMxOhDHkNN76KGxeKuNSVb+M0jeD1wMDP/5/DmfP5CaNCWta7MTM7N7+wWFoqL6+srq2bG5ttEacckxaOWcy7PhKE0Yi0JJWMdBNOUOgz0vFHp5O8c0O4oHF0KccJcUM0iGhAMZLa8kyrCY+hE3CE1QXch4GHMuWIay5VLcsguVK0SGGmJmHmmRW7auUF/xcVUFTTM1+dfozTkEQSMyREz7YS6SrEJcWMZGUnFSRBeIQGpKdlhEIiXJVflsFd7fRhEHP9Iglz9+uEQqEQ49DXnSGSQ/Ezm5h/Zb1UBkeuolGSShLh6aIgZVDGcIIJ9iknWLKxFghzqv8K8RBpEFLDLGsIVrV+mJ/8W3xCaNeq9kHVPrcqjZMCRwlsgx2wB2xQBw1wBpqgBTC4BffgETwZd8aD8Wy8TFtnjGJmC3wr4+0Djt6gKQ==</latexit>

a
<latexit sha1_base64="24rOJYJ00AZ3hGSfvueKO7H8qpg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0isWnsrevHYgm2FNpTNdtOu3WzC7kYoob/AiwdFvPqTvPlv3KQV/How8Hhvhpl5fsyZ0o7zYRWWlldW14rrpY3Nre2d8u5eR0WJJLRNIh7JWx8rypmgbc00p7expDj0Oe36k6vM795TqVgkbvQ0pl6IR4IFjGBtpBYelCuOXc9wjuakWjfEOXWdahW5tpOjAgs0B+X3/jAiSUiFJhwr1XOdWHsplpoRTmelfqJojMkEj2jPUIFDqrw0P3SGjowyREEkTQmNcvX7RIpDpaahbzpDrMfqt5eJ/3m9RAcXXspEnGgqyHxRkHCkI5R9jYZMUqL51BBMJDO3IjLGEhNtsinlIdTOsk/RX/IVQufEdqu223IqjctFHEU4gEM4Bhdq0IBraEIbCFB4gCd4tu6sR+vFep23FqzFzD78gPX2CXIpjXM=</latexit>
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axion

Axions

<-fa->

P =
S + fap

2
ei fa

<latexit sha1_base64="ypG2DkaEx5RI4yJ/7pdWyFhSXmc=">AAACGXicdZDLSsNAFIYnXmu9RV26GSyCIJSkInUjFN24rGgv0MQwmU7aoZOLMxOhDHkNN76KGxeKuNSVb+M0jeD1wMDP/5/DmfP5CaNCWta7MTM7N7+wWFoqL6+srq2bG5ttEacckxaOWcy7PhKE0Yi0JJWMdBNOUOgz0vFHp5O8c0O4oHF0KccJcUM0iGhAMZLa8kyrCY+hE3CE1QXch4GHMuWIay5VLcsguVK0SGGmJmHmmRW7auUF/xcVUFTTM1+dfozTkEQSMyREz7YS6SrEJcWMZGUnFSRBeIQGpKdlhEIiXJVflsFd7fRhEHP9Iglz9+uEQqEQ49DXnSGSQ/Ezm5h/Zb1UBkeuolGSShLh6aIgZVDGcIIJ9iknWLKxFghzqv8K8RBpEFLDLGsIVrV+mJ/8W3xCaNeq9kHVPrcqjZMCRwlsgx2wB2xQBw1wBpqgBTC4BffgETwZd8aD8Wy8TFtnjGJmC3wr4+0Djt6gKQ==</latexit>

a
<latexit sha1_base64="24rOJYJ00AZ3hGSfvueKO7H8qpg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0isWnsrevHYgm2FNpTNdtOu3WzC7kYoob/AiwdFvPqTvPlv3KQV/How8Hhvhpl5fsyZ0o7zYRWWlldW14rrpY3Nre2d8u5eR0WJJLRNIh7JWx8rypmgbc00p7expDj0Oe36k6vM795TqVgkbvQ0pl6IR4IFjGBtpBYelCuOXc9wjuakWjfEOXWdahW5tpOjAgs0B+X3/jAiSUiFJhwr1XOdWHsplpoRTmelfqJojMkEj2jPUIFDqrw0P3SGjowyREEkTQmNcvX7RIpDpaahbzpDrMfqt5eJ/3m9RAcXXspEnGgqyHxRkHCkI5R9jYZMUqL51BBMJDO3IjLGEhNtsinlIdTOsk/RX/IVQufEdqu223IqjctFHEU4gEM4Bhdq0IBraEIbCFB4gCd4tu6sR+vFep23FqzFzD78gPX2CXIpjXM=</latexit>

L � ↵

8⇡

a

fa
Gµ⌫G̃µ⌫

<latexit sha1_base64="FTtfskACrb9k4ln0QD+l4Y7gKEQ="></latexit>

QCD axion

ma = 6meV
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109 GeV
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<latexit sha1_base64="OIAYBn164lpTTjWq815jNvDKmfQ="></latexit>
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<latexit sha1_base64="OIAYBn164lpTTjWq815jNvDKmfQ="></latexit>

10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-8 10-6 10-4 10-2 1 102 104
108

109

1010

1011

1012

1013

1014

1015

1016

1017

1018

ma (eV)

f a
(G

eV
)

QCD
axion

R. Co Michigan



Misalignment Mechanism

Late timeEarly time

Hubble friction dominates Field value is “stuck” Oscillations begin Field value redshifts

Energy density is also “stuck” Energy density scales like matter

Preskill, Wise, Wilczek 1983
Abbott, Sikivie 1983
Dine, Fischler 1983

ä+ 3Hȧ+m
2
aa = 0

<latexit sha1_base64="zS1o+5cszZccKKUyahfoZbX5rbw=">AAACC3icdVDLSgMxFM3UV62vUZduQosgCGWmRepGKLrpsoJ9QFvLnTTThiYzQ5IRytC9G3/FjQtF3PoD7vwb02kFnwcuHM65N7n3eBFnSjvOu5VZWl5ZXcuu5zY2t7Z37N29pgpjSWiDhDyUbQ8U5SygDc00p+1IUhAepy1vfDHzWzdUKhYGV3oS0Z6AYcB8RkAbqW/nu4NBqBOY4uNyDXc/ORZ9uC5hwGfY6dsFt+ikwP+TAlqg3rffzDskFjTQhINSHdeJdC8BqRnhdJrrxopGQMYwpB1DAxBU9ZL0lik+NMoA+6E0FWicql8nEhBKTYRnOgXokfrpzcS/vE6s/dNewoIo1jQg84/8mGMd4lkweMAkJZpPDAEimdkVkxFIINrElzMhOMXKSXryb/IZQrNUdMtF99IpVM8XcWTRAcqjI+SiCqqiGqqjBiLoFt2jR/Rk3VkP1rP1Mm/NWIuZffQN1usHUmWYug==</latexit>

H � ma
<latexit sha1_base64="ggWJ2syiBnfuQNE68a3XP8FNFqQ=">AAAB8HicdVDLSsNAFL3xWeur6tLNYBFchUSRuiy66bKCfUgbymQ6SYfOTMLMRCihX+HGhSJu/Rx3/o3TtILPAxcO59zLvfeEKWfaeN67s7S8srq2Xtoob25t7+xW9vbbOskUoS2S8ER1Q6wpZ5K2DDOcdlNFsQg57YTjq5nfuaNKs0TemElKA4FjySJGsLHSbQP14xiJAR5Uqr7rFUD/kyos0BxU3vrDhGSCSkM41rrne6kJcqwMI5xOy/1M0xSTMY5pz1KJBdVBXhw8RcdWGaIoUbakQYX6dSLHQuuJCG2nwGakf3oz8S+vl5noIsiZTDNDJZkvijKOTIJm36MhU5QYPrEEE8XsrYiMsMLE2IzKNgTPrZ0XL/8mnyG0T13/zPWvvWr9chFHCQ7hCE7AhxrUoQFNaAEBAffwCE+Och6cZ+dl3rrkLGYO4Buc1w/O9I/W</latexit>

⇢a = m2
aa

2
<latexit sha1_base64="m8rwUgsAjkJVZxrQYhdBA3uzbVI=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiQVqRuh6MZlBfuANobJdNIOnUeYmYil9FfcuFDErT/izr9xmlbweeDC4Zx7ufeeOGVUG99/dwpLyyura8X10sbm1vaOu1tuaZkpTJpYMqk6MdKEUUGahhpGOqkiiMeMtOPRxcxv3xKlqRTXZpySkKOBoAnFyFgpcss9NZQRgmeQR+imCm1FbiXw/Bzwf1IBCzQi963XlzjjRBjMkNbdwE9NOEHKUMzItNTLNEkRHqEB6VoqECc6nOS3T+GhVfowkcqWMDBXv05MENd6zGPbyZEZ6p/eTPzL62YmOQ0nVKSZIQLPFyUZg0bCWRCwTxXBho0tQVhReyvEQ6QQNjaukg3B92on+cu/yWcIraoXHHvBlV+pny/iKIJ9cACOQABqoA4uQQM0AQZ34B48gidn6jw4z87LvLXgLGb2wDc4rx8Cm5My</latexit>

a = constant
<latexit sha1_base64="YUD9GMuR3EHWGNt2myVnLT24Dng=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiSK1I1QdOOygn1AG8pkOmmHTiZh5kYsIb/ixoUibv0Rd/6N07SCzwMXDufcy733BIngGlz33SotLa+srpXXKxubW9s79m61reNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCeYXM78zi1TmsfyBqYJ8yMykjzklICRBnaV4HOc9VWEaSw1EAn5wK55jlsA/09qaIHmwH7rD2OaRkwCFUTrnucm4GdEAaeC5ZV+qllC6ISMWM9QSSKm/ay4PceHRhniMFamJOBC/TqRkUjraRSYzojAWP/0ZuJfXi+F8MzPuExSYJLOF4WpwBDjWRB4yBWjIKaGEKq4uRXTMVGEgomrYkJwnfpp8fJv8hlC+9jxThzv2q01LhZxlNE+OkBHyEN11EBXqIlaiKI7dI8e0ZOVWw/Ws/Uyby1Zi5k99A3W6wdknJQd</latexit>

⇢a = constant
<latexit sha1_base64="gEvK4+WWvz9QF4by9EPGLTvvTfI=">AAACAHicdVDJSgNBEO2JW4xb1IMHL41B8BRmFIkXIejFYwSzQGYYejqdpElP99BdI4RhLv6KFw+KePUzvPk3dhbB9UHB470qqupFieAGXPfdKSwsLi2vFFdLa+sbm1vl7Z2WUammrEmVULoTEcMEl6wJHATrJJqROBKsHY0uJ377lmnDlbyBccKCmAwk73NKwEphec/XQxUSfI4zX8eYKmmASMjDcsWrulPg/0kFzdEIy29+T9E0ZhKoIMZ0PTeBICMaOBUsL/mpYQmhIzJgXUsliZkJsukDOT60Sg/3lbYlAU/VrxMZiY0Zx5HtjAkMzU9vIv7ldVPonwUZl0kKTNLZon4qMCg8SQP3uGYUxNgSQjW3t2I6JJpQsJmVbAhutXY6ffk3+QyhdVz1TqretVupX8zjKKJ9dICOkIdqqI6uUAM1EUU5ukeP6Mm5cx6cZ+dl1lpw5jO76Buc1w9VApZT</latexit>

ma � H
<latexit sha1_base64="0FSZh9cAnl4d4LTeXbq/QGjbKh4=">AAAB8HicdVDLSsNAFL3xWeur6tLNYBFchUSRuiy66bKCfUgbymQ6SYfOTMLMRCihX+HGhSJu/Rx3/o3TtILPAxcO59zLvfeEKWfaeN67s7S8srq2Xtoob25t7+xW9vbbOskUoS2S8ER1Q6wpZ5K2DDOcdlNFsQg57YTjq5nfuaNKs0TemElKA4FjySJGsLHSrRhg1I9j1BhUqr7rFUD/kyos0BxU3vrDhGSCSkM41rrne6kJcqwMI5xOy/1M0xSTMY5pz1KJBdVBXhw8RcdWGaIoUbakQYX6dSLHQuuJCG2nwGakf3oz8S+vl5noIsiZTDNDJZkvijKOTIJm36MhU5QYPrEEE8XsrYiMsMLE2IzKNgTPrZ0XL/8mnyG0T13/zPWvvWr9chFHCQ7hCE7AhxrUoQFNaAEBAffwCE+Och6cZ+dl3rrkLGYO4Buc1w/Q7o/W</latexit>

⇢a = m2
aa

2
<latexit sha1_base64="m8rwUgsAjkJVZxrQYhdBA3uzbVI=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiQVqRuh6MZlBfuANobJdNIOnUeYmYil9FfcuFDErT/izr9xmlbweeDC4Zx7ufeeOGVUG99/dwpLyyura8X10sbm1vaOu1tuaZkpTJpYMqk6MdKEUUGahhpGOqkiiMeMtOPRxcxv3xKlqRTXZpySkKOBoAnFyFgpcss9NZQRgmeQR+imCm1FbiXw/Bzwf1IBCzQi963XlzjjRBjMkNbdwE9NOEHKUMzItNTLNEkRHqEB6VoqECc6nOS3T+GhVfowkcqWMDBXv05MENd6zGPbyZEZ6p/eTPzL62YmOQ0nVKSZIQLPFyUZg0bCWRCwTxXBho0tQVhReyvEQ6QQNjaukg3B92on+cu/yWcIraoXHHvBlV+pny/iKIJ9cACOQABqoA4uQQM0AQZ34B48gidn6jw4z87LvLXgLGb2wDc4rx8Cm5My</latexit>

a / R� 3
2

<latexit sha1_base64="DqkakjGZxDpLMdX2Qh3XgpwNy/c=">AAACA3icdVDLSgMxFM34rPU16k43wSK4scy0SF0W3bisYh/QGUsmzbShmWRIMkIZBtz4K25cKOLWn3Dn35hOK/g8EDiccy835wQxo0o7zrs1N7+wuLRcWCmurq1vbNpb2y0lEolJEwsmZCdAijDKSVNTzUgnlgRFASPtYHQ28ds3RCoq+JUex8SP0IDTkGKkjdSzdxH0YiliLeDldXrkhRLhtJqllSzr2SW37OSA/5MSmKHRs9+8vsBJRLjGDCnVdZ1Y+ymSmmJGsqKXKBIjPEID0jWUo4goP80zZPDAKH0YCmke1zBXv26kKFJqHAVmMkJ6qH56E/Evr5vo8MRPKY8TTTieHgoTBk3iSSGwTyXBmo0NQVhS81eIh8jUoE1tRVOCU64d55F/k88SWpWyWy27F06pfjqrowD2wD44BC6ogTo4Bw3QBBjcgnvwCJ6sO+vBerZepqNz1mxnB3yD9foBm4GXlQ==</latexit>

⇢a / R�3
<latexit sha1_base64="Bg1aIbp//jaYVgMFRO+LJNic37E=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgxpBYpC6LblxWsQ9oYphMJ+3QSWaYmQglFPwVNy4Ucet3uPNvnKYVfB64cDjnXu69JxKMKu2679bc/MLi0nJppby6tr6xaW9ttxTPJCZNzBmXnQgpwmhKmppqRjpCEpREjLSj4fnEb98SqShPr/VIkCBB/ZTGFCNtpNDe9eWAhwj6QnKhOby6yY+q49CueI5bAP5PKmCGRmi/+T2Os4SkGjOkVNdzhQ5yJDXFjIzLfqaIQHiI+qRraIoSooK8OH8MD4zSgzGXplINC/XrRI4SpUZJZDoTpAfqpzcR//K6mY5Pg5ymItMkxdNFccag+XOSBexRSbBmI0MQltTcCvEASYS1SaxsQnCd2knx8m/yGULr2PGqjnfpVupnszhKYA/sg0PggRqogwvQAE2AQQ7uwSN4su6sB+vZepm2zlmzmR3wDdbrB5DqlU0=</latexit>
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Misalignment Mechanism

θi
______> > 

observed value from Planck 2018.⌦DMh2 ' 0.12
<latexit sha1_base64="zKmQ8iCT1J96/c38UegX/Lbyn2U=">AAACD3icdVDJSgNBEO2JW4xb1KOXxqB4GmYiEo9BPXgRI5gFMjH0dCpJk+6ZsbtHCMP8gRd/xYsHRbx69ebf2FkE1wcFj/eqqKrnR5wp7TjvVmZmdm5+IbuYW1peWV3Lr2/UVBhLClUa8lA2fKKAswCqmmkOjUgCET6Huj84Hvn1G5CKhcGlHkbQEqQXsC6jRBupnd/1zgX0SDvxBNF9KZKTszTF/aukmGJPMQHX2LHdYjtfcG1nDPw/KaApKu38m9cJaSwg0JQTpZquE+lWQqRmlEOa82IFEaED0oOmoQERoFrJ+J8U7xilg7uhNBVoPFa/TiREKDUUvukcXa1+eiPxL68Z6+5hK2FBFGsI6GRRN+ZYh3gUDu4wCVTzoSGESmZuxbRPJKHaRJgzITh26WD88m/yGUKtaLv7tnvhFMpH0ziyaAttoz3kohIqo1NUQVVE0S26R4/oybqzHqxn62XSmrGmM5voG6zXD75km+A=</latexit>

⌦ah
2 ' 0.12 ✓2i

✓
fa

1012 GeV

◆2 ⇣ ma

22 meV

⌘ 1
2

<latexit sha1_base64="bJNrrldeZzbRT19ub6MqvpIAysY="></latexit>
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Misalignment Mechanism

θi
______> > 

⌦DMh2 ' 0.12
<latexit sha1_base64="zKmQ8iCT1J96/c38UegX/Lbyn2U=">AAACD3icdVDJSgNBEO2JW4xb1KOXxqB4GmYiEo9BPXgRI5gFMjH0dCpJk+6ZsbtHCMP8gRd/xYsHRbx69ebf2FkE1wcFj/eqqKrnR5wp7TjvVmZmdm5+IbuYW1peWV3Lr2/UVBhLClUa8lA2fKKAswCqmmkOjUgCET6Huj84Hvn1G5CKhcGlHkbQEqQXsC6jRBupnd/1zgX0SDvxBNF9KZKTszTF/aukmGJPMQHX2LHdYjtfcG1nDPw/KaApKu38m9cJaSwg0JQTpZquE+lWQqRmlEOa82IFEaED0oOmoQERoFrJ+J8U7xilg7uhNBVoPFa/TiREKDUUvukcXa1+eiPxL68Z6+5hK2FBFGsI6GRRN+ZYh3gUDu4wCVTzoSGESmZuxbRPJKHaRJgzITh26WD88m/yGUKtaLv7tnvhFMpH0ziyaAttoz3kohIqo1NUQVVE0S26R4/oybqzHqxn62XSmrGmM5voG6zXD75km+A=</latexit>

⌦ah
2 ' 0.12 ✓2i

✓
fa

1012 GeV

◆2 ⇣ ma

22 meV

⌘ 1
2

<latexit sha1_base64="bJNrrldeZzbRT19ub6MqvpIAysY="></latexit>

10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-8 10-6 10-4 10-2 1 102 104
108

109

1010

1011

1012

1013

1014

1015

1016

1017

1018

ma (eV)

f a
(G

eV
)

QCD
axion

Conventional misalignment mechanism

observed value from Planck 2018.
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Rotation

Initial condition

axion

saxion

Initial condition

PRL 124, 111602 (2020) RC and K. Harigaya

Initial
condition

<-fa-> <-fa->

Initial
condition
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Why Rotation?

Large field value : Initial condition

V (|P |) ⇠ �H
2
I |P |2 + |P |2d

M2d�4
<latexit sha1_base64="/IMaHkVUq1St25y+xecMY3GEKjQ="></latexit>

Flat potential

PRL 124, 111602 (2020) RC and K. Harigaya

P =
S + fap

2
ei fa

<latexit sha1_base64="ypG2DkaEx5RI4yJ/7pdWyFhSXmc=">AAACGXicdZDLSsNAFIYnXmu9RV26GSyCIJSkInUjFN24rGgv0MQwmU7aoZOLMxOhDHkNN76KGxeKuNSVb+M0jeD1wMDP/5/DmfP5CaNCWta7MTM7N7+wWFoqL6+srq2bG5ttEacckxaOWcy7PhKE0Yi0JJWMdBNOUOgz0vFHp5O8c0O4oHF0KccJcUM0iGhAMZLa8kyrCY+hE3CE1QXch4GHMuWIay5VLcsguVK0SGGmJmHmmRW7auUF/xcVUFTTM1+dfozTkEQSMyREz7YS6SrEJcWMZGUnFSRBeIQGpKdlhEIiXJVflsFd7fRhEHP9Iglz9+uEQqEQ49DXnSGSQ/Ezm5h/Zb1UBkeuolGSShLh6aIgZVDGcIIJ9iknWLKxFghzqv8K8RBpEFLDLGsIVrV+mJ/8W3xCaNeq9kHVPrcqjZMCRwlsgx2wB2xQBw1wBpqgBTC4BffgETwZd8aD8Wy8TFtnjGJmC3wr4+0Djt6gKQ==</latexit>

a
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For example, as an initial condition or
set dynamically by the Hubble-induced mass



Why Rotation?

Large field value :

Angular motion :

Initial condition

Explicit PQ breaking

V (|P |) ⇠ �H
2
I |P |2 + |P |2d

M2d�4
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Flat potential

V (P ) ⇠ Pn

Mn�4
+ h.c.

<latexit sha1_base64="4gxuMZA2P/2Slm+gQRtT6bGJZB0=">AAACFHicdZDLSgMxFIYz9VbrrerSTbAIleIw44W6LLpxI1SwF+i0JZNm2tAkMyQZoQzzEG58FTcuFHHrwp1vY3oRvP4Q+PnPOeScz48YVdpx3q3M3PzC4lJ2Obeyura+kd/cqqswlpjUcMhC2fSRIowKUtNUM9KMJEHcZ6ThD8/H9cYNkYqG4lqPItLmqC9oQDHSJurmS/VidR96inLoBRLhpNoRaXLZScTBcZqWPI70QPJkYGM77eYLru1MBP83BTBTtZt/83ohjjkRGjOkVMt1It1OkNQUM5LmvFiRCOEh6pOWsQJxotrJ5KgU7pmkB4NQmic0nKRfJxLElRpx33SOl1Q/a+Pwr1or1sFpO6EiijURePpREDOoQzgmBHtUEqzZyBiEJTW7QjxAho02HHMGgmOXTyYn/zafEOqHtntku1dOoXI2w5EFO2AXFIELyqACLkAV1AAGt+AePIIn6856sJ6tl2lrxprNbINvsl4/AIupnf0=</latexit>

I. Affleck and M. Dine 1991

PRL 124, 111602 (2020) RC and K. Harigaya

P =
S + fap

2
ei fa
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expected from quantum gravity
or PQ as an accidental symmetry

Dynamics analogous to that in Affleck-Dine baryogenesis

S. Giddings et al. 1988, S. Coleman 1988, G. Gilbert 1988, D. Harlow et al. 2019
R. Holman 1992, S. Barr 1992, M. Kamiokowski 1992, D. Dine 1992
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For example, as an initial condition or
set dynamically by the Hubble-induced mass



Asymmetry of PQ Charge

PQ asymmetry
PQ charge density =   Rotation of PQ field

nPQ = iP Ṗ ⇤ � iP ⇤Ṗ
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PQ charge is conserved soon after the onset.

Noether charge associated with the shift symmetry

PRL 124, 111602 (2020) RC and K. Harigaya

P =
S + fap

2
ei fa
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“angular momentum”
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Kinetic Misalignment Mechanism

(Misalignment + non-zero kinetic energy)

PRL 124, 251802 (2020) RC,  L. Hall,  K. HarigayaR. Co Michigan
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Misalignment Mechanism



Kinetic Misalignment Mechanism

Abundance:

delaying usual Tosc until KE = PE, enhancing the dark matter abundanceConsequence:

⌦ah
2 / ✓̇
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Kinetic Misalignment Mechanism
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Baryon Asymmetry of the Universe

Standard Model predicts that baryons and antibaryons would have annihilated.

R. Co Michigan

baryons anti-
baryons+ =photons+ photons



Baryon Asymmetry of the Universe
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baryons anti-
baryons+ =photons+ photons

Both CMB and BBN measurements indicate

However, we clearly observe a cosmological excess of matter over antimatter.

YB ⌘ nB � nB̄

s
⇠ 10�10

<latexit sha1_base64="qTPSRWNAXTQnykvyo9NKauA+vfE="></latexit>

Standard Model predicts that baryons and antibaryons would have annihilated.



Baryon Asymmetry of the Universe
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Both CMB and BBN measurements indicate

However, we clearly observe a cosmological excess of matter over antimatter.

YB ⌘ nB � nB̄

s
⇠ 10�10

<latexit sha1_base64="qTPSRWNAXTQnykvyo9NKauA+vfE="></latexit>

baryons anti-
baryons+ =photons+

1 + 10-10 1 1
10-10

+
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1

photons

Baryogenesis

Standard Model predicts that baryons and antibaryons would have annihilated.



Axiogenesis

(QCD axion + baryogenesis)

PRL 124, 111602 (2020) RC and K. HarigayaR. Co Michigan
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ALP-genesis

(Axion-like particle + baryogenesis)

2006.04809 RC,  L. Hall,  K. HarigayaR. Co Michigan



ALP-genesis

2006.04809 RC,  L. Hall,  K. Harigaya

YB ' 8.7⇥ 10�11
⇣ cB
0.1

⌘✓130 GeV

TEW

◆ 
✓̇(TEW)

5.3 keV

!
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Observed baryon asymmetry: YB ' 8.7⇥ 10�11
<latexit sha1_base64="VwY+Js0t8F06VfsVc8blE5pnk/Y="></latexit>

ALP-genesis:

from Planck 2018.
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ALP-genesis

2006.04809 RC,  L. Hall,  K. Harigaya

YB ' 8.7⇥ 10�11
⇣ cB
0.1

⌘✓130 GeV

TEW

◆ 
✓̇(TEW)

5.3 keV

!
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Observed baryon asymmetry: YB ' 8.7⇥ 10�11
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ALP-genesis:

from Planck 2018.

R. Co Michigan

PQ asymmetry
nPQ

baryon asymmetry
nB

(nB+L�0)
electroweak sphaleron

electroweak sphaleron

fermion chiral asymmetry
nq nu nd n� ne

axion-fermion coupling

model-dependent constant:__> cB
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ALP-genesis

2006.04809 RC,  L. Hall,  K. Harigaya

PQ asymmetry
nPQ

baryon asymmetry
nB

(nB+L�0)
electroweak sphaleron

electroweak sphaleron

fermion chiral asymmetry
nq nu nd n� ne

axion-fermion coupling
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axion-fermion coupling:
@µa

fa

X

f,i,j

cfij f
†
i �̄

µfj
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electroweak anomaly: a
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ALP-genesis
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Baryon asymmetry fixes rotational speed at electroweak scale.
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Observed baryon asymmetry: YB ' 8.7⇥ 10�11
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ALP-genesis:

from Planck 2018.
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ALP Cogenesis

2006.04809 RC,  L. Hall,  K. Harigaya
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⌘✓130 GeV

TEW
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✓̇(TEW)
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Observed baryon asymmetry:
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ALP Cogenesis
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Conclusions
ü ALP cogenesis allows the axion to simultaneously explain 

ü the dark matter abundance
ü the baryon asymmetry

ü ALP cogenesis predicts axions with 
much stronger couplings with the
Standard Model, implying a greater
potential for discovery, possibly made
by DM Radio!
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