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Axion Rotations
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What is kination?
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9606223 Michael Joyce
9306008 Boris Spokoiny

One simple alternative - domination by the energy in 
a kinetic mode of a scalar field which scales as 1/R6." "
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Axions

<-fa->

axion

saxion
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Rotation
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Initial condition

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

<-fa->

axion

saxion

Initial condition

Initial
condition

<-fa->
Initial

condition



Why Rotation?

Large field value : Initial condition
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For example, as an initial condition or
set dynamically by the Hubble-induced mass

PRL 124, 111602 (2020) RC and K. Harigaya
PRL 92, 011301 (2004) T. Chiba, F. Takahashi, M. Yamaguchi



Why Rotation?

Large field value :

Angular motion :

Initial condition

Explicit PQ breaking
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expected from quantum gravity
or PQ as an accidental symmetry

Dynamics analogous to that in Affleck-Dine baryogenesis
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For example, as an initial condition or
set dynamically by the Hubble-induced mass

PRL 124, 111602 (2020) RC and K. Harigaya
PRL 92, 011301 (2004) T. Chiba, F. Takahashi, M. Yamaguchi



Asymmetry of PQ Charge
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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
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PQ Charge Evolution
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<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>

Reason:

S2 / R�2
<latexit sha1_base64="2QCGCbCzG48v76V5696LHtnV9bo=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBHcGJKK1GXRjcv66APatEymk3boZDLMTMQS8ituXCji1h9x5984TSv4PHDhcM693HtPIBhV2nXfrYXFpeWV1cJacX1jc2vb3ik1VZxITBo4ZrFsB0gRRjlpaKoZaQtJUBQw0grG51O/dUukojG/0RNB/AgNOQ0pRtpIfbt03avArpCx0DG86qVHlaxvlz3HzQH/J2UwR71vv3UHMU4iwjVmSKmO5wrtp0hqihnJit1EEYHwGA1Jx1COIqL8NL89gwdGGcAwlqa4hrn6dSJFkVKTKDCdEdIj9dObin95nUSHp35KuUg04Xi2KEwYNH9Og4ADKgnWbGIIwpKaWyEeIYmwNnEVTQiuUz3JX/5NPkNoVhzv2PEu3XLtbB5HAeyBfXAIPFAFNXAB6qABMLgD9+ARPFmZ9WA9Wy+z1gVrPrMLvsF6/QC7GJOs</latexit>

quartic ✓̇ / R�1
<latexit sha1_base64="AhbmdBRocUjTOEtTcclp4VDU1dQ=">AAACAnicdVDLSgMxFM34rPU16krcBIvgxjKjSF0W3bisYh/QGUsmzbShmZmQ3BHKUNz4K25cKOLWr3Dn35hOK/g8EDicc2+ScwIpuAbHebdmZufmFxYLS8XlldW1dXtjs6GTVFFWp4lIVCsgmgkeszpwEKwlFSNRIFgzGJyN/eYNU5on8RUMJfMj0ot5yCkBI3Xsba+bgAd9BgR7UiUSEnx5nR24o45dcstODvw/KaEpah37zdxF04jFQAXRuu06EvyMKOBUsFHRSzWThA5Ij7UNjUnEtJ/lEUZ4zyhdHCbKnBhwrn7dyEik9TAKzGREoK9/emPxL6+dQnjiZzyWKbCYTh4KU4FNznEfuMsVoyCGhhCquPkrpn2iCAXTWtGU4JQrx3nk3+SzhMZh2T0quxdOqXo6raOAdtAu2kcuqqAqOkc1VEcU3aJ79IierDvrwXq2XiajM9Z0Zwt9g/X6Adb7lyM=</latexit>

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

kination!

___> necessary to achieve
kination domination

⇢PQ = ✓̇2f2
a / R�6

<latexit sha1_base64="QLqIK1Rvn6fyDQbn0YnK3ZP/NP0="></latexit>

⇢PQ / R�4
<latexit sha1_base64="YDQqB5zZe+xjO/YDHW4pKNGrerk=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJhSppCqVbBQtji+hDakrluG5r1Ykj20Gqoiws/AoLAwix8g9s/A1OWyReR7J0dM69uj7HCxmVyrI+jMzC4tLySnY1t7a+sbllbu80JY8EJg3MGRdtD0nCaEAaiipG2qEgyPcYaXnji9Rv3RIhKQ+u1SQkXR8NAzqgGCkt9cx9V4x4L3aFD2v1BLqh4KHi8OomPi4lPTNvFSopTuGMOBVNrJJtOQ60C9YUeTBHrWe+u32OI58ECjMkZce2QtWNkVAUM5Lk3EiSEOExGpKOpgHyiezG0xQJPNRKHw640C9QcKp+34iRL+XE9/Skj9RI/vZS8T+vE6nBWTemQRgpEuDZoUHEoM6ZVgL7VBCs2EQThAXVf4V4hATCSheXm5ZQPkmTwr/kq4RmsWA7hWLdylfP53VkwR44AEfABmVQBZegBhoAgzvwAJ7As3FvPBovxutsNGPMd3bBDxhvn1n8mJM=</latexit>

⇢PQ / R�3
<latexit sha1_base64="1jeZd/ci6eB58X1b+9WnXcUqds0=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSGxUCUNULpVsDC2iD6kJkSO67ZWnTiyHaQq6sLCr7AwgBAr/8DG3+C0ReJ1JEtH59yr63OCmFGpLOvDmJtfWFxazq3kV9fWNzbNre2m5InApIE546IdIEkYjUhDUcVIOxYEhQEjrWB4kfmtWyIk5dG1GsXEC1E/oj2KkdKSb+65YsD91BUhrNXH0I0FjxWHVzfpkTP2zYJVrGQ4hVPiVDSxjm3LcaBdtCYogBlqvvnudjlOQhIpzJCUHduKlZcioShmZJx3E0lihIeoTzqaRigk0ksnKcbwQCtd2ONCv0jBifp9I0WhlKMw0JMhUgP528vE/7xOonpnXkqjOFEkwtNDvYRBnTOrBHapIFixkSYIC6r/CvEACYSVLi4/KaF8kiWFf8lXCc1S0XaKpbpVqJ7P6siBXbAPDoENyqAKLkENNAAGd+ABPIFn4954NF6M1+nonDHb2QE/YLx9Alh3mJI=</latexit>



PQ Field Evolution

R. Co Minnesota

Thermalization Redshift

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

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



R. Co Minnesota

Asymmetries in Thermal Equilibrium
The free energy is minimized at equilibrium.

n ⌘ n+µ � n�µ ⇠ µT 2
<latexit sha1_base64="ioraaGM1a87mz7SDn3pPmU+oXjA=">AAACF3icdZDLSgMxFIYzXmu9VV26CRZBkA4zFanLohuXFXqDTh0yadqGJpkxyRTK0Ldw46u4caGIW935NmamFbz+EPj4zzmcnD+IGFXacd6thcWl5ZXV3Fp+fWNza7uws9tUYSwxaeCQhbIdIEUYFaShqWakHUmCeMBIKxhdpPXWmEhFQ1HXk4h0ORoI2qcYaWP5BVv4XqQo9MhNTMdQ+Mmxx+MpLKVYytBTlENDsH5d9gtF13Yywf+hCOaq+YU3rxfimBOhMUNKdVwn0t0ESU0xI9O8FysSITxCA9IxKBAnqptkd03hoXF6sB9K84SGmft1IkFcqQkPTCdHeqh+1lLzr1on1v2zbkJFFGsi8GxRP2ZQhzANCfaoJFiziQGEJTV/hXiIJMLaRJk3ITh25TQ7+Td8htAs2+6J7V45xer5PI4c2AcH4Ai4oAKq4BLUQANgcAvuwSN4su6sB+vZepm1LljzmT3wTdbrB0Cznsc=</latexit>

fermion asymmetry

�Fth ⇠ �⇢� T�s ⇠
n2
 

T 2
<latexit sha1_base64="v/R3h8Jxc0Gg4j0047yRc+9XRxg="></latexit>

Change of the free energy

�Ftot
<latexit sha1_base64="XcanDXcB/AeixNCuBEQSbinIHjY=">AAACAXicdVDLSsNAFJ3UV62vqhvBzWARXIVEkbosKuKygn1AE8JkOmmHTh7M3Agl1I2/4saFIm79C3f+jZO0gs8DFw7n3Mu99/iJ4Aos690ozc0vLC6Vlysrq2vrG9XNrbaKU0lZi8Yill2fKCZ4xFrAQbBuIhkJfcE6/ugs9zs3TCoeR9cwTpgbkkHEA04JaMmr7jjnTADBF17mhASGMswghskEe9WabVoF8P+khmZoetU3px/TNGQRUEGU6tlWAm5GJHAq2KTipIolhI7IgPU0jUjIlJsVH0zwvlb6OIilrghwoX6dyEio1Dj0dWd+pfrp5eJfXi+F4MTNeJSkwCI6XRSkAkOM8zhwn0tGQYw1IVRyfSumQyIJBR1aRYdgmfXj4uXf5DOE9qFpH5n2lVVrnM7iKKNdtIcOkI3qqIEuURO1EEW36B49oifjzngwno2XaWvJmM1so28wXj8AnnKXFQ==</latexit>

is minimized when
________________________________

Most of the PQ charge remains in the rotation!

nPQ = ✓̇S2
<latexit sha1_base64="Ffww7HmYJioxh9tVjzM2r409hRw=">AAACBHicdVDLSgMxFM3UV62vqstugkVwNcxUpG6EohuXLdpa6NSSSdM2NMkMyR2hDF248VfcuFDErR/hzr8xfQg+D1w4nHNvcu8JY8ENeN67k1lYXFpeya7m1tY3Nrfy2zsNEyWasjqNRKSbITFMcMXqwEGwZqwZkaFgV+HwbOJf3TBteKQuYRSztiR9xXucErBSJ19QnTTQEldrY3yCg24EAQwYEHxxXerki77rTYH/J0U0R7WTf7MP0EQyBVQQY1q+F0M7JRo4FWycCxLDYkKHpM9alioimWmn0yPGeN8qXdyLtC0FeKp+nUiJNGYkQ9spCQzMT28i/uW1Eugdt1Ou4gSYorOPeonAEOFJIrjLNaMgRpYQqrndFdMB0YSCzS1nQ/Dc8tH05N/kM4RGyfUPXb/mFSun8ziyqID20AHyURlV0Dmqojqi6Bbdo0f05Nw5D86z8zJrzTjzmV30Dc7rByHKlzI=</latexit>

nth ' T 3
<latexit sha1_base64="8Yu6vvljKA8JDa4A20BB3i7iNMI=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgKiQWqcuiG5cV+oImhsl00g6dmcSZiVBCwV9x40IRt36HO//GaVrB54ELh3Pu5d57opRRpV333VpYXFpeWS2tldc3Nre27Z3dtkoyiUkLJyyR3QgpwqggLU01I91UEsQjRjrR6GLqd26JVDQRTT1OScDRQNCYYqSNFNr7Isx9yaEeTqCvKCc3sHldDe2K57gF4P+kAuZohPab309wxonQmCGlep6b6iBHUlPMyKTsZ4qkCI/QgPQMFYgTFeTF+RN4ZJQ+jBNpSmhYqF8ncsSVGvPIdHKkh+qnNxX/8nqZjs+CnIo000Tg2aI4Y1AncJoF7FNJsGZjQxCW1NwK8RBJhLVJrGxCcJ3aafHyb/IZQvvE8aqOd+VW6ufzOErgAByCY+CBGqiDS9AALYBBDu7BI3iy7qwH69l6mbUuWPOZPfAN1usHeFKVPA==</latexit>

n ' ✓̇T 2
<latexit sha1_base64="vwUV5kaONOgb7hCexefxwCHQyc0=">AAACB3icdVBNS8NAEN3U7/oV9SjIYhE8haQi9Sh68VihVaGpZbOd2MXNJu5OhBJ68+Jf8eJBEa/+BW/+G7e1gp8PBh7vzezOvCiTwqDvvzmlicmp6ZnZufL8wuLSsruyemLSXHNo8lSm+ixiBqRQ0ESBEs4yDSyJJJxGl4dD//QatBGpamA/g3bCLpSIBWdopY67oTpFmBkxoKERCVzRsJtiiD1ARhvn1Y5bCTx/BPo/qZAx6h331T7A8wQUcsmMaQV+hu2CaRRcwqAc5gYyxi/ZBbQsVSwB0y5GdwzollW6NE61LYV0pH6dKFhiTD+JbGfCsGd+ekPxL6+VY7zXLoTKcgTFPz6Kc0kxpcNQaFdo4Cj7ljCuhd2V8h7TjKONrmxD8L3a7ujk3+QzhJOqF+x4wbFf2T8YxzFL1skm2SYBqZF9ckTqpEk4uSF35IE8OrfOvfPkPH+0lpzxzBr5BuflHafJmTs=</latexit>___>

rotation

thermal bath

chiral 
asymmetry

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

�Frot ⇠ �✓̇n 
<latexit sha1_base64="Ebt7eE5nWGBlFdgCK1uCsboqxRE=">AAACGXicdVDLSgMxFM34rPVVdekmWAQ3lmlF6rKoiMsKVoVOGTLprQ1NMkNyRyhDf8ONv+LGhSIudeXfmD4EnwcCh3PPvbn3RIkUFn3/3Zuanpmdm88t5BeXlldWC2vrFzZODYcGj2VsriJmQQoNDRQo4SoxwFQk4TLqHQ3rlzdgrIj1OfYTaCl2rUVHcIZOCgt+cAwSGT0Js0Ax7BqVmRgHAxpYoeguDdoxBtgFZ9FhkFgRForlkj8C/Z8UyQT1sPDqZvBUgUYumbXNsp9gK2MGBZcwyAephYTxHruGpqOaKbCtbHTZgG47pU07sXFPIx2pXzsypqztq8g5h9vbn7Wh+FetmWLnoJUJnaQImo8/6qSSYkyHMdG2MMBR9h1h3Ai3K+VdZhhHF2beheCXqvujk3+TzxAuKqXyXqly5hdrh5M4cmSTbJEdUiZVUiOnpE4ahJNbck8eyZN35z14z97L2DrlTXo2yDd4bx+Y5KDA</latexit>

n ⇠ ✓̇T 2 ⌧ ✓̇S2 = nPQ
<latexit sha1_base64="cfQYgbiadwT/84ljb3WlU5kUr2I=">AAACI3icdZDLSgMxFIYzXmu9VV26CRbBVZlWpCIIRTcuW+wNOnXIpGkbmmSG5IxQhr6LG1/FjQuluHHhu5hehHr7IfDznXOSnD+IBDfguu/O0vLK6tp6aiO9ubW9s5vZ26+bMNaU1WgoQt0MiGGCK1YDDoI1I82IDARrBIPrSb1xz7ThoarCMGJtSXqKdzklYJGfuVC+FxmOPcMl9joheNBnQHD1roA9IRbRrUWXWPmJpyUuV0Z+JpvPuVPh/00WzVX2M2N7G40lU0AFMaaVdyNoJ0QDp4KN0l5sWETogPRYy1pFJDPtZLrjCB9b0sHdUNujAE/p4kRCpDFDGdhOSaBvftYm8K9aK4bueTvhKoqBKTp7qBsLDCGeBIY7XDMKYmgNoZrbv2LaJ5pQsLGmbQhurng2Xfm3+QqhXsjlT3OFipstXc3jSKFDdIROUB4VUQndoDKqIYoe0BN6Qa/Oo/PsjJ23WeuSM585QN/kfHwCAgejUA==</latexit>



Evolution of Energy Densities

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

Tth TRM TMK TKR
T

�(T )
radiation domination matter domination by rotation kination radiation

domination

�S � T 3
oscillation

�PQ � T 3
rotation

�PQ �T 6rotation

thermal bath

�th � T 4



Tth TRM TMK TKR
T

�(T )
radiation domination matter domination by rotation kination radiation

domination

�S � T 3
oscillation

�PQ � T 3
rotation

�PQ �T 6rotation

thermal bath

�th � T 4

Evolution of Energy Densities

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

_____________________< >No entropy production!
This can occur between BBN and CMB



Relevant Temperatures

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

T 3
MK = T 2

KRTRM
<latexit sha1_base64="f2CCjCYk6tqTzGaVGnUG7shwDKE=">AAACEHicdVDLSgMxFM3UV62vUZdugkV0VaatUjdC0Y1QCrX0Be10yKRpG5p5kGSEMswnuPFX3LhQxK1Ld/6N6XQKPg8Ezj3nXm7usX1GhTSMDy21tLyyupZez2xsbm3v6Lt7LeEFHJMm9pjHOzYShFGXNCWVjHR8TpBjM9K2J1czv31LuKCe25BTn5gOGrl0SDGSSrL044YV9rgDq5WoX4QXMCkr9ahfWBT1agQtPZvPGTHg/yQLEtQs/b038HDgEFdihoTo5g1fmiHikmJGokwvEMRHeIJGpKuoixwizDA+KIJHShnAocfVcyWM1a8TIXKEmDq26nSQHIuf3kz8y+sGcnhuhtT1A0lcPF80DBiUHpylAweUEyzZVBGEOVV/hXiMOMJSZZhRIRi50ll88m+yCKFVyOWLucLNabZ8mcSRBgfgEJyAPCiBMrgGNdAEGNyBB/AEnrV77VF70V7nrSktmdkH36C9fQKOvJsd</latexit>
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The horizon crossing, k = H, determines the onset of mode evolutions.
The origin is the quantum fluctuations during inflation.
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Gravitational Waves from Cosmic Strings
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Probing PQ-breaking Potential
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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 This paradigm predicts axion kination, featuring 
a triangular peak in gravitational wave spectra.

ü Other possible signatures: 
ü (QCD) axion searches
ü Warm axion dark matter
ü Matter power spectrum

ü New model building opportunities 
R. Co Minnesota
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