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Kinetic
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Mechanism

See later slides for axion-electron and axion-nucleon couplings
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R. Co Minnesota

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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PRL 124, 111602 (2020) RC and K. Harigaya
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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
<latexit sha1_base64="24rOJYJ00AZ3hGSfvueKO7H8qpg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0isWnsrevHYgm2FNpTNdtOu3WzC7kYoob/AiwdFvPqTvPlv3KQV/How8Hhvhpl5fsyZ0o7zYRWWlldW14rrpY3Nre2d8u5eR0WJJLRNIh7JWx8rypmgbc00p7expDj0Oe36k6vM795TqVgkbvQ0pl6IR4IFjGBtpBYelCuOXc9wjuakWjfEOXWdahW5tpOjAgs0B+X3/jAiSUiFJhwr1XOdWHsplpoRTmelfqJojMkEj2jPUIFDqrw0P3SGjowyREEkTQmNcvX7RIpDpaahbzpDrMfqt5eJ/3m9RAcXXspEnGgqyHxRkHCkI5R9jYZMUqL51BBMJDO3IjLGEhNtsinlIdTOsk/RX/IVQufEdqu223IqjctFHEU4gEM4Bhdq0IBraEIbCFB4gCd4tu6sR+vFep23FqzFzD78gPX2CXIpjXM=</latexit>

R. Co Minnesota

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
<latexit sha1_base64="/IMaHkVUq1St25y+xecMY3GEKjQ="></latexit>

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

<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>

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

R. Co Minnesota

PQ asymmetry
PQ charge density =   Rotation of PQ field

nPQ = iP Ṗ ⇤ � iP ⇤Ṗ
<latexit sha1_base64="+aV9roJuTBigkaR2YPkVnZ+sSTg="></latexit>

nPQ = S2✓̇
<latexit sha1_base64="XWq4lnfmSWi0CHIjdMyhRDueEPo=">AAACBnicdVDLSgMxFM34rPVVdSlCsAiuhpmK1I1QdOOyRfuAdhwyaaYNzWSG5I5Qhq7c+CtuXCji1m9w59+YPgSfBwKHc+7h5p4gEVyD47xbc/MLi0vLuZX86tr6xmZha7uh41RRVqexiFUrIJoJLlkdOAjWShQjUSBYMxicj/3mDVOax/IKhgnzItKTPOSUgJH8wp70s46KcLU2wqf48rqEO90Ysg70GZCRXyi6tjMB/p8U0QxVv/Bm4jSNmAQqiNZt10nAy4gCTgUb5TupZgmhA9JjbUMliZj2sskZI3xglC4OY2WeBDxRvyYyEmk9jAIzGRHo65/eWPzLa6cQnngZl0kKTNLpojAVGGI87gR3uWIUxNAQQhU3f8W0TxShYJrLmxIcu3w8Ofk3+SyhUbLdI9utOcXK2ayOHNpF++gQuaiMKugCVVEdUXSL7tEjerLurAfr2XqZjs5Zs8wO+gbr9QPyDZg+</latexit>

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

<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>



R. Co Minnesota

Why a large angular speed?

nPQ = S2✓̇
<latexit sha1_base64="XWq4lnfmSWi0CHIjdMyhRDueEPo=">AAACBnicdVDLSgMxFM34rPVVdSlCsAiuhpmK1I1QdOOyRfuAdhwyaaYNzWSG5I5Qhq7c+CtuXCji1m9w59+YPgSfBwKHc+7h5p4gEVyD47xbc/MLi0vLuZX86tr6xmZha7uh41RRVqexiFUrIJoJLlkdOAjWShQjUSBYMxicj/3mDVOax/IKhgnzItKTPOSUgJH8wp70s46KcLU2wqf48rqEO90Ysg70GZCRXyi6tjMB/p8U0QxVv/Bm4jSNmAQqiNZt10nAy4gCTgUb5TupZgmhA9JjbUMliZj2sskZI3xglC4OY2WeBDxRvyYyEmk9jAIzGRHo65/eWPzLa6cQnngZl0kKTNLpojAVGGI87gR3uWIUxNAQQhU3f8W0TxShYJrLmxIcu3w8Ofk3+SyhUbLdI9utOcXK2ayOHNpF++gQuaiMKugCVVEdUXSL7tEjerLurAfr2XqZjs5Zs8wO+gbr9QPyDZg+</latexit>

S2 / R�3
<latexit sha1_base64="mbmDztft6ybavy3RGb4tBTDb4qY=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgxmGmReqy6MZlffQB7bRk0rQNzUxCkhHLML/ixoUibv0Rd/6N6bSCzwMXDufcy733BIJRpV333cotLa+sruXXCxubW9s79m6xqXgsMWlgzrhsB0gRRiPS0FQz0haSoDBgpBVMzmd+65ZIRXl0o6eC+CEaRXRIMdJG6tvF614ZdoXkQnN41UuOK2nfLnmOmwH+T0pggXrffusOOI5DEmnMkFIdzxXaT5DUFDOSFrqxIgLhCRqRjqERConyk+z2FB4aZQCHXJqKNMzUrxMJCpWahoHpDJEeq5/eTPzL68R6eOonNBKxJhGeLxrGDJo/Z0HAAZUEazY1BGFJza0Qj5FEWJu4CiYE16meZC//Jp8hNMuOV3G8S7dUO1vEkQf74AAcAQ9UQQ1cgDpoAAzuwD14BE9Waj1Yz9bLvDVnLWb2wDdYrx+8nZOt</latexit>

S2 = f2
a

<latexit sha1_base64="v7OqanTKKiQNj0UOC7Sw64n153Y=">AAAB8nicdVDLSsNAFL2pr1pfVZduBovgKiQVqRuh6MZlRfuANC2T6aQdOsmEmYlQQj/DjQtF3Po17vwbp2kFnwcuHM65l3vvCRLOlHacd6uwtLyyulZcL21sbm3vlHf3WkqkktAmEVzIToAV5SymTc00p51EUhwFnLaD8eXMb99RqZiIb/UkoX6EhzELGcHaSN5Nr4rOUdjHvWq/XHFtJwf6n1RggUa//NYdCJJGNNaEY6U810m0n2GpGeF0WuqmiiaYjPGQeobGOKLKz/KTp+jIKAMUCmkq1ihXv05kOFJqEgWmM8J6pH56M/Evz0t1eOZnLE5STWMyXxSmHGmBZv+jAZOUaD4xBBPJzK2IjLDERJuUSiYEx66d5i//Jp8htKq2e2K7106lfrGIowgHcAjH4EIN6nAFDWgCAQH38AhPlrYerGfrZd5asBYz+/AN1usHcKiQIQ==</latexit>

Conventional:

Our scenario (S >> fa):

{quadratic

✓̇ / R�3
<latexit sha1_base64="JEvq6C5k9QzHO/Rvlp9UJm9t8yo=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgENw4zFqnLohuXVewDOmPJpJk2NPMguSOUobjxV9y4UMStX+HOvzGdVvB5IHA4594k5/iJ4Aps+90ozM0vLC4Vl0srq2vrG+bmVlPFqaSsQWMRy7ZPFBM8Yg3gIFg7kYyEvmAtf3g28Vs3TCoeR1cwSpgXkn7EA04JaKlr7ri9GFwYMCDYTWScQIwvr7PDyrhrlh3LzoH/J2U0Q71rvum7aBqyCKggSnUcOwEvIxI4FWxcclPFEkKHpM86mkYkZMrL8ghjvK+VHg5iqU8EOFe/bmQkVGoU+noyJDBQP72J+JfXSSE48TIeJSmwiE4fClKBdc5JH7jHJaMgRpoQKrn+K6YDIgkF3VpJl2Bb1eM88m/yWULzyHIqlnNhl2unszqKaBftoQPkoCqqoXNURw1E0S26R4/oybgzHoxn42U6WjBmO9voG4zXD9oFlyU=</latexit>

nPQR
3 = conserved charge

<latexit sha1_base64="vRGt3IVPxp3SqnJXC5aroBkJOX0=">AAACG3icdZBNSwMxEIazflu/qh69BIvgqewqUi+C6MVjFatCt5ZsOq3BJLsks2JZ9n948a948aCIJ8GD/8Z0reDnC4GXd2aYzBMlUlj0/TdvZHRsfGJyaro0Mzs3v1BeXDqxcWo4NHgsY3MWMQtSaGigQAlniQGmIgmn0eX+oH56BcaKWB9jP4GWYj0tuoIzdFG7vKHbWWgUrR/m9Oh8k+7Q0ComZRYiXKNRGY+1BXMFHcovmOlBnrfLlaDqF6L/mwoZqt4uv4SdmKcKNHLJrG0GfoKtjBkUXEJeClMLCeOXrAdNZzVTYFtZcVtO11zSod3YuKeRFunXiYwpa/sqcp2K4YX9WRuEf9WaKXa3W5nQSYqg+ceibiopxnQAinaEAY6y7wzjRri/FgQYR4ez5CD41dpWcfJv8wnhZKMabFaDQ7+yuzfEMUVWyCpZJwGpkV1yQOqkQTi5IXfkgTx6t9699+Q9f7SOeMOZZfJN3us7Vjuhuw==</latexit>

✓̇ = constant
<latexit sha1_base64="PTyTbLUMtKOv1nJYyyiJngeaqFE=">AAACA3icdVDLSsNAFJ34rPUVdaebwSK4CokidSMU3bisYB/QhDKZTtqhk0mYuRFKKLjxV9y4UMStP+HOv3GaVvB54MLhnHtn7j1hKrgG13235uYXFpeWSyvl1bX1jU17a7upk0xR1qCJSFQ7JJoJLlkDOAjWThUjcShYKxxeTPzWDVOaJ/IaRikLYtKXPOKUgJG69q7fS8CHAQOCz7Cv4pwmUgORMO7aFc9xC+D/SQXNUO/ab+YxmsVMAhVE647nphDkRAGngo3LfqZZSuiQ9FnHUElipoO8uGGMD4zSw1GiTEnAhfp1Iiex1qM4NJ0xgYH+6U3Ev7xOBtFpkHOZZsAknX4UZQJDgieB4B5XjIIYGUKo4mZXTAdEEQomtrIJwXWqJ8XJv8lnCM0jxzt2vCu3UjufxVFCe2gfHSIPVVENXaI6aiCKbtE9ekRP1p31YD1bL9PWOWs2s4O+wXr9AEQ6mAE=</latexit>
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Kinetic Misalignment Mechanism

(Misalignment + non-zero kinetic energy)
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Kinetic Misalignment Mechanism
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Axiogenesis

(QCD axion + baryogenesis)

PRL 124, 111602 (2020) RC and K. Harigaya
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Axiogenesis
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Baryon asymmetry fixes rotational speed, equivalently YPQ.

PRL 124, 111602 (2020) RC and K. Harigaya
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Baryon asymmetry fixes rotational speed, equivalently YPQ.

PRL 124, 111602 (2020) RC and K. Harigaya
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Axiogenesis + Kinetic Misalignment
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▪ QCD axion
(0) Misalignment mechanism
(1) Parametric resonance
(2) - Kinetic misalignment mechanism

- Axiogenesis 
- ALP cogenesis
- Lepto-Axiogenesis
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Baryon asymmetry fixes rotational speed, equivalently YPQ.

PRL 124, 111602 (2020) RC and K. Harigaya
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Axion Nucleon Coupling
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Axion Electron Coupling
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Axion with Majorana neutrinos 
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q Axion and dark photon coupling 
Ø Gravitational waves
Ø Dark photon dark matter

Storyline
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Tachyonic Instability
Carroll and Field 1991 + Garretson 1992, Ratra 1992
Felder, Garc´ıa-Bellido, Greene, Kofman, Linde, Tkachev 2001

R. Co Minnesota

@
2
A

0
±

@t2
+H

@A
0
±

@t
+

✓
m

2
A0 +

k
2

R2
± e

2
D

8⇡2

k

R
✓̇

◆
A

0
± = 0

<latexit sha1_base64="u0zQ96jfls9hoE/DJivoXdDee9g="></latexit>

Ldark =
↵D

8⇡

�

f�
F 0
µ⌫F̃

0µ⌫

<latexit sha1_base64="5VT2lb6ZQQvbMkQreu+pvduJeh4="></latexit>



q Axion and dark photon coupling 
Ø Gravitational waves
Ø Dark photon dark matter

Storyline
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Gravitational Waves
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Conclusions
ü New axion dynamics allows the QCD axion to simultaneously explain 

ü the Strong CP problem
ü the dark matter abundance
ü the baryon asymmetry

ü Possible signatures: 
ü (QCD) axion searches
ü Saxion-Higgs mixing
ü Warm axion dark matter
ü Gravitational waves

ü New model building opportunities 
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