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▪ Axion
(0) Misalignment mechanism

(1) Parametric resonance

(2) - Kinetic misalignment mechanism

- Axiogenesis 

- ALP cogenesis 

- Lepto-Axiogenesis

- Tachyonic instability
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P =
S + fap

2
ei fa
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Why Rotation?

Initial condition
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Dynamics analogous to that in Affleck-Dine baryogenesis



Why Rotation?
Angular motion :

Initial condition
Explicit PQ breaking

V (P ) ⇠ Pn

Mn�4
+ h.c.
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Large field value :

V (|P |) ⇠ �H
2
I |P |2 + |P |2d

M2d�4
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Flat potential
For example, as an initial condition or
set dynamically by the Hubble-induced mass



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

nPQ = S2✓̇
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At the minimum:

Large field (S >> fa):
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3 = conserved charge
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kination!

___> necessary to achieve
kination domination

⇢PQ = ✓̇2f2
a / R�6
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What is kination?

R. Co Minnesota

9606223 Michael Joyce
9306008 Boris Spokoiny

domination by the energy in a kinetic mode 
of a scalar field which scales as 1/R6." "

Equation of state

⇢� =
1

2

⇣
�̇2 +m2

��
2
⌘
' 1

2
�̇2
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w =
p

⇢
=

K � V

K + V
' 1
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⇢� / R�3(1+w) = R�6
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Evolution



Evolution of Energy Densities

R. Co Minnesota PRL 124, 111602 (2020) RC and K. Harigaya
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ρ(T )
radiation domination matter domination by rotation kination radiation

domination

ρS ∝ T 3
oscillation

ρPQ ∝ T 3
rotation

ρPQ ∝T 6rotation

thermal bath

ρth ∝ T 4



Tth TRM TMK TKR
T

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

domination

ρS ∝ T 3
oscillation

ρPQ ∝ T 3
rotation

ρPQ ∝T 6rotation

thermal bath

ρth ∝ 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
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Triangular peak GW spectra from kination

Gµ = 5⇥ 10�15
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Axiogenesis

(QCD axion + baryogenesis)

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





Axiogenesis

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

PQ asymmetry
nPQ

baryon asymmetry
nB

(nB+L≠0)
electroweak sphaleron

electroweak sphaleron
given weak anomaly of PQ

quark chiral asymmetry
nq nu nd

strong sphaleron

nPQ = ✓̇S2
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PQ asymmetry
nPQ
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Baryon asymmetry fixes rotational speed, equivalently YPQ.

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

(Misalignment + non-zero kinetic energy)
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Heavy QCD Axion

R. Co Minnesota

ü Axion quality problem
ü Neutron EDM 
ü CP violation 
ü Axion quality 

ü Model constructions
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ü New theoretical and experimental opportunities 
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<latexit sha1_base64="GBK9CdmWRKQSLQfBUpTIReiwl8A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo1ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AwlOM4Q==</latexit>a
<latexit sha1_base64="MPnNuIHtyDeKx4gUC7fd/VgNqI8=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmamta27UjcuK9gHTIeSSdM2NPMguSOWoZ/hxoUibv0ad/6NmbaCih4IHM65h9x7/FhwBZb1YeTW1jc2t/LbhZ3dvf2D4uFRR0WJpKxNIxHJnk8UEzxkbeAgWC+WjAS+YF1/epX53TsmFY/CW5jFzAvIOOQjTgloye0Du4e0qQPzQbFkmZf1qnPhYMu0rJpTrmbEqVWcMra1kqGEVmgNiu/9YUSTgIVABVHKta0YvJRI4FSweaGfKBYTOiVj5moakoApL12sPMdnWhniUST1CwEv1O+JlARKzQJfTwYEJuq3l4l/eW4Co7qX8jBOgIV0+dEoERginN2Ph1wyCmKmCaGS610xnRBJKOiWCrqEr0vx/6TjmHbVtG8qpUZzVUcenaBTdI5sVEMNdI1aqI0oitADekLPBhiPxovxuhzNGavMMfoB4+0TBNyRwA==</latexit>

Beam

<latexit sha1_base64="uQ/Qz5Ds9pvzykbFDmbnZdrXKGE=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKuiHqMevEYwTwgWcLspDcZMvtgpleMS77EiwdFvPop3vwbJ8keNLGgoajqprvLT6TQ6DjfVmFldW19o7hZ2tre2S3be/tNHaeKQ4PHMlZtn2mQIoIGCpTQThSw0JfQ8kc3U7/1AEqLOLrHcQJeyAaRCARnaKSeXe4iPGJ25etY+aAmPbviVJ0Z6DJxc1IhOeo9+6vbj3kaQoRcMq07rpOglzGFgkuYlLqphoTxERtAx9CIhaC9bHb4hB4bpU+DWJmKkM7U3xMZC7Ueh77pDBkO9aI3Ff/zOikGl14moiRFiPh8UZBKijGdpkD7QgFHOTaEcSXMrZQPmWIcTVYlE4K7+PIyaZ5W3fOqe3dWqV3ncRTJITkiJ8QlF6RGbkmdNAgnKXkmr+TNerJerHfrY95asPKZA/IH1ucPYfSTkA==</latexit>

Absorber

<latexit sha1_base64="4//hB47Y2az0G78G0JrHOWJkD18=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK/YImlM120i7dbMLuRCihf8OLB0W8+me8+W/ctjlo9cHA470ZZuaFqRQGXffLKa2tb2xulbcrO7t7+wfVw6OOSTLNoc0TmeheyAxIoaCNAiX0Ug0sDiV0w8nd3O8+gjYiUS2cphDEbKREJDhDK/m5r2PaYnoEOBtUa27dXYD+JV5BaqRAc1D99IcJz2JQyCUzpu+5KQY50yi4hFnFzwykjE/YCPqWKhaDCfLFzTN6ZpUhjRJtSyFdqD8nchYbM41D2xkzHJtVby7+5/UzjG6CXKg0Q1B8uSjKJMWEzgOgQ6GBo5xawrgW9lbKx0wzjjamig3BW335L+lc1L2ruvdwWWvcFnGUyQk5JefEI9ekQe5Jk7QJJyl5Ii/k1cmcZ+fNeV+2lpxi5pj8gvPxDQw9kbI=</latexit>

Target

<latexit sha1_base64="faRywnnty3GHlrBVgqLDfjeSuVw=">AAAB63icbVBNS8NAEN3Ur1q/qh69LBbBU0lEtMeCF48V7Ae0oWy2k3bpbhJ2J0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVHNo8lrHuBcyAFBG0UaCEXqKBqUBCN5je5X73CbQRcfSIswR8xcaRCAVnmEsDQDas1ty6uwBdJ15BaqRAa1j9GoxiniqIkEtmTN9zE/QzplFwCfPKIDWQMD5lY+hbGjEFxs8Wt87phVVGNIy1rQjpQv09kTFlzEwFtlMxnJhVLxf/8/ophg0/E1GSIkR8uShMJcWY5o/TkdDAUc4sYVwLeyvlE6YZRxtPxYbgrb68TjpXde+m7j1c15qNIo4yOSPn5JJ45JY0yT1pkTbhZEKeySt5c5Tz4rw7H8vWklPMnJI/cD5/AAfYjjQ=</latexit>⌘

<latexit sha1_base64="0VuIJW5JYuOMJvP7oEQt9+OswlA=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KomI9ljw4rGCaQttLJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzvz2EyrNE/lgJikGMR1KHnFGjZX8Xsof3X6l6tbcOcgq8QpShQLNfuWrN0hYFqM0TFCtu56bmiCnynAmcFruZRpTysZ0iF1LJY1RB/n82Ck5t8qARImyJQ2Zq78nchprPYlD2xlTM9LL3kz8z+tmJqoHOZdpZlCyxaIoE8QkZPY5GXCFzIiJJZQpbm8lbEQVZcbmU7YheMsvr5LWZc27rnn3V9VGvYijBKdwBhfgwQ004A6a4AMDDs/wCm+OdF6cd+dj0brmFDMn8AfO5w9ylI5r</latexit>

⇡0

<latexit sha1_base64="IbnP9sI+ru2/YkgSvpioVnG8QHI=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ6KomI9ljw4rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9zjSi36l6tbcOcgq8QpShQLNfuWrN0hYFnOFTFJjup6bYpBTjYJJPi33MsNTysZ0yLuWKhpzE+TzY6fk3CoDEiXalkIyV39P5DQ2ZhKHtjOmODLL3kz8z+tmGNWDXKg0Q67YYlGUSYIJmX1OBkJzhnJiCWVa2FsJG1FNGdp8yjYEb/nlVdK6qnk3Ne/hutqoF3GU4BTO4BI8uIUG3EMTfGAg4Ble4c1Rzovz7nwsWtecYuYE/sD5/AFpdI5l</latexit>

⌘0

<latexit sha1_base64="GBK9CdmWRKQSLQfBUpTIReiwl8A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo1ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AwlOM4Q==</latexit>a
<latexit sha1_base64="MPnNuIHtyDeKx4gUC7fd/VgNqI8=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmamta27UjcuK9gHTIeSSdM2NPMguSOWoZ/hxoUibv0ad/6NmbaCih4IHM65h9x7/FhwBZb1YeTW1jc2t/LbhZ3dvf2D4uFRR0WJpKxNIxHJnk8UEzxkbeAgWC+WjAS+YF1/epX53TsmFY/CW5jFzAvIOOQjTgloye0Du4e0qQPzQbFkmZf1qnPhYMu0rJpTrmbEqVWcMra1kqGEVmgNiu/9YUSTgIVABVHKta0YvJRI4FSweaGfKBYTOiVj5moakoApL12sPMdnWhniUST1CwEv1O+JlARKzQJfTwYEJuq3l4l/eW4Co7qX8jBOgIV0+dEoERginN2Ph1wyCmKmCaGS610xnRBJKOiWCrqEr0vx/6TjmHbVtG8qpUZzVUcenaBTdI5sVEMNdI1aqI0oitADekLPBhiPxovxuhzNGavMMfoB4+0TBNyRwA==</latexit>

Beam <latexit sha1_base64="LPHHp1hTJLX+QRj3nPRuvNiMn54=">AAAB+HicdVDLTgIxFO3gC/HBqEs3jcTE1WRmQMAd4sYlJvJIYEI6pUBDOzNpO0ac4I+4caExbv0Ud/6NHcBEjZ6kyck59+TeHj9iVCrb/jAyK6tr6xvZzdzW9s5u3tzbb8kwFpg0cchC0fGRJIwGpKmoYqQTCYK4z0jbn1ykfvuGCEnD4FpNI+JxNArokGKktNQ380lPcFjXifvzWypnfbNgW2fVsnvqQtuy7YpbLKfErZTcInS0kqIAlmj0zffeIMQxJ4HCDEnZdexIeQkSimJGZrleLEmE8ASNSFfTAHEivWR++Awea2UAh6HQL1Bwrn5PJIhLOeW+nuRIjeVvLxX/8rqxGla9hAZRrEiAF4uGMYMqhGkLcEAFwYpNNUFYUH0rxGMkEFa6q5wu4eun8H/Sci2nbDlXpUKtvqwjCw7BETgBDqiAGrgEDdAEGMTgATyBZ+POeDRejNfFaMZYZg7ADxhvnxpAk2Y=</latexit>

Beam Axis

<latexit sha1_base64="LPHHp1hTJLX+QRj3nPRuvNiMn54=">AAAB+HicdVDLTgIxFO3gC/HBqEs3jcTE1WRmQMAd4sYlJvJIYEI6pUBDOzNpO0ac4I+4caExbv0Ud/6NHcBEjZ6kyck59+TeHj9iVCrb/jAyK6tr6xvZzdzW9s5u3tzbb8kwFpg0cchC0fGRJIwGpKmoYqQTCYK4z0jbn1ykfvuGCEnD4FpNI+JxNArokGKktNQ380lPcFjXifvzWypnfbNgW2fVsnvqQtuy7YpbLKfErZTcInS0kqIAlmj0zffeIMQxJ4HCDEnZdexIeQkSimJGZrleLEmE8ASNSFfTAHEivWR++Awea2UAh6HQL1Bwrn5PJIhLOeW+nuRIjeVvLxX/8rqxGla9hAZRrEiAF4uGMYMqhGkLcEAFwYpNNUFYUH0rxGMkEFa6q5wu4eun8H/Sci2nbDlXpUKtvqwjCw7BETgBDqiAGrgEDdAEGMTgATyBZ+POeDRejNfFaMZYZg7ADxhvnxpAk2Y=</latexit>

Beam Axis

<latexit sha1_base64="ftAyorJ60H6a2b0WX1WfSyAEI+4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoioj0WvHisYNpCG8tmu2mX7m7C7kYoob/BiwdFvPqDvPlv3KY5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5Hbud56o0iyWD2aa0EDgkWQRI9hYye+L9PFiUK25dTcHWiVeQWpQoDWofvWHMUkFlYZwrHXPcxMTZFgZRjidVfqppgkmEzyiPUslFlQHWX7sDJ1ZZYiiWNmSBuXq74kMC62nIrSdApuxXvbm4n9eLzVRI8iYTFJDJVksilKOTIzmn6MhU5QYPrUEE8XsrYiMscLE2HwqNgRv+eVV0r6se9d17/6q1mwUcZThBE7hHDy4gSbcQQt8IMDgGV7hzZHOi/PufCxaS04xcwx/4Hz+AHizjm8=</latexit>

µ+

<latexit sha1_base64="pnq2Lv/kntchUyTx1/hxwpgsakg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyUR0R4LXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btMctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcjv3O09UaRbLBzNNaCDwSLKIEWys5PdF+ngxqNbcupsDrRKvIDUo0BpUv/rDmKSCSkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUSC6qDLD92hs6sMkRRrGxJg3L190SGhdZTEdpOgc1YL3tz8T+vl5qoEWRMJqmhkiwWRSlHJkbzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K3/PIqaV/Wveu6d39VazaKOMpwAqdwDh7cQBPuoAU+EGDwDK/w5kjnxXl3PhatJaeYOYY/cD5/AHu7jnE=</latexit>

µ�

<latexit sha1_base64="GBK9CdmWRKQSLQfBUpTIReiwl8A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo1ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AwlOM4Q==</latexit>a

<latexit sha1_base64="ftAyorJ60H6a2b0WX1WfSyAEI+4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoioj0WvHisYNpCG8tmu2mX7m7C7kYoob/BiwdFvPqDvPlv3KY5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+P2jpOFaE+iXmsuiHWlDNJfcMMp91EUSxCTjvh5Hbud56o0iyWD2aa0EDgkWQRI9hYye+L9PFiUK25dTcHWiVeQWpQoDWofvWHMUkFlYZwrHXPcxMTZFgZRjidVfqppgkmEzyiPUslFlQHWX7sDJ1ZZYiiWNmSBuXq74kMC62nIrSdApuxXvbm4n9eLzVRI8iYTFJDJVksilKOTIzmn6MhU5QYPrUEE8XsrYiMscLE2HwqNgRv+eVV0r6se9d17/6q1mwUcZThBE7hHDy4gSbcQQt8IMDgGV7hzZHOi/PufCxaS04xcwx/4Hz+AHizjm8=</latexit>

µ+

<latexit sha1_base64="pnq2Lv/kntchUyTx1/hxwpgsakg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyUR0R4LXjxWMG2hjWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btMctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcjv3O09UaRbLBzNNaCDwSLKIEWys5PdF+ngxqNbcupsDrRKvIDUo0BpUv/rDmKSCSkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUSC6qDLD92hs6sMkRRrGxJg3L190SGhdZTEdpOgc1YL3tz8T+vl5qoEWRMJqmhkiwWRSlHJkbzz9GQKUoMn1qCiWL2VkTGWGFibD4VG4K3/PIqaV/Wveu6d39VazaKOMpwAqdwDh7cQBPuoAU+EGDwDK/w5kjnxXl3PhatJaeYOYY/cD5/AHu7jnE=</latexit>

µ�

<latexit sha1_base64="GBK9CdmWRKQSLQfBUpTIReiwl8A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmrDmZ1wmqUHJlovCVBATk/nXZMgVMiOmllCmuL2VsDFVlBmbTcmG4K2+vE7aV1Xvpuo1ryv1Wh5HEc7gHC7Bg1uowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AwlOM4Q==</latexit>a

<latexit sha1_base64="WgXrXz+AvPCeUr3Rj/2IoQkjrjU=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgxZKIqMeiF29WsB/QxrLZbtqlm03YnWhL6P/w4kERr/4Xb/4bt20O2vpg4PHeDDPz/FhwjY7zbeWWlldW1/LrhY3Nre2d4u5eXUeJoqxGIxGppk80E1yyGnIUrBkrRkJfsIY/uJ74jUemNI/kPY5i5oWkJ3nAKUEjPbSRDTG9lSdkyPW4Uyw5ZWcKe5G4GSlBhmqn+NXuRjQJmUQqiNYt14nRS4lCTgUbF9qJZjGhA9JjLUMlCZn20unVY/vIKF07iJQpifZU/T2RklDrUeibzpBgX897E/E/r5VgcOmlXMYJMklni4JE2BjZkwjsLleMohgZQqji5lab9okiFE1QBROCO//yIqmflt3zsnt3VqpcZXHk4QAO4RhcuIAK3EAVakBBwTO8wpv1ZL1Y79bHrDVnZTP78AfW5w/i1ZLE</latexit>

On-axis

<latexit sha1_base64="oDG0hGgXb7RXGqLUUY+YNmadlS4=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIXgy7Iuox6MWbEcwDkhBmJ7PJkNkHM72SuORLvHhQxKuf4s2/cZLsQRMLGoqqbrq7vFgKjY7zbeVWVtfWN/Kbha3tnd2ivbdf11GiGK+xSEaq6VHNpQh5DQVK3owVp4EnecMb3kz9xiNXWkThA45j3gloPxS+YBSN1LWLbeQjTO98/5SOhJ507ZJTdmYgy8TNSAkyVLv2V7sXsSTgITJJtW65ToydlCoUTPJJoZ1oHlM2pH3eMjSkAdeddHb4hBwbpUf8SJkKkczU3xMpDbQeB57pDCgO9KI3Ff/zWgn6V51UhHGCPGTzRX4iCUZkmgLpCcUZyrEhlClhbiVsQBVlaLIqmBDcxZeXSf2s7F6U3fvzUuU6iyMPh3AEJ+DCJVTgFqpQAwYJPMMrvFlP1ov1bn3MW3NWNnMAf2B9/gATo5Nd</latexit>

O↵-axis

<latexit sha1_base64="0XX5dnJMrEPS/sC31yfI+pgw3IU=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Aroh6DevAYwTwgCWF20kmGzM4uM73issRf8eJBEa9+iDf/xsnjoIkFDUVVN91dQSyFQc/7dnIrq2vrG/nNwtb2zu6eu39QN1GiOdR4JCPdDJgBKRTUUKCEZqyBhYGERjC6nviNB9BGROoe0xg6IRso0RecoZW6brGN8IjZDXCWUqGM6MG465a8sjcFXSb+nJTIHNWu+9XuRTwJQSGXzJiW78XYyZhGwSWMC+3EQMz4iA2gZaliIZhONj1+TI+t0qP9SNtSSKfq74mMhcakYWA7Q4ZDs+hNxP+8VoL9y04mVJwgKD5b1E8kxYhOkqA9oYGjTC1hXAt7K+VDphlHm1fBhuAvvrxM6qdl/7zs352VKlfzOPLkkByRE+KTC1Iht6RKaoSTlDyTV/LmPDkvzrvzMWvNOfOZIvkD5/MHD+qVCg==</latexit>

Decay inside

<latexit sha1_base64="lUyD9MwVoPZf5O1fuzu6xCbLBQ8=">AAAB/XicbVDLSgNBEJz1GeNrfdy8DAbBU9gVUY9BPXiMYB6QhDA76SRDZmeXmV4xLsFf8eJBEa/+hzf/xkmyB00saCiquunuCmIpDHret7OwuLS8sppby69vbG5tuzu7VRMlmkOFRzLS9YAZkEJBBQVKqMcaWBhIqAWDq7FfuwdtRKTucBhDK2Q9JbqCM7RS291vIjxgeg2cDWmUoBEdGLXdglf0JqDzxM9IgWQot92vZifiSQgKuWTGNHwvxlbKNAouYZRvJgZixgesBw1LFQvBtNLJ9SN6ZJUO7UbalkI6UX9PpCw0ZhgGtjNk2Dez3lj8z2sk2L1opULFCYLi00XdRFKM6DgK2hEaOMqhJYxrYW+lvM8042gDy9sQ/NmX50n1pOifFf3b00LpMosjRw7IITkmPjknJXJDyqRCOHkkz+SVvDlPzovz7nxMWxecbGaP/IHz+QMAtZWV</latexit>

Decay outside
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Heavy QCD Axion

R. Co Minnesota
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ü New theoretical and experimental opportunities 
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Inflationary Gravitational Leptogenesis

R. Co Minnesota 2205.01689 RC, Yann Mambrini, and Keith Olive

1011 1012 1013
10-4
10-3
10-2
10-1

1
10

102
103
104
105
106
107
108
109

1 10 102 1030

mN (GeV)

T R
H
(G

eV
)

ξ

in
co

ns
ist

en
t

re
he

at
in

g

m
N

>
m

ϕ

BBN

k =
6k =

8

k =
10

k =
12

k =
16k = 20

hµ⌫

�

�

N

N

Tµ⌫
�

MP

Tµ⌫
N

MP

<latexit sha1_base64="avko8Zs3MoiNKL8LWZvMdoOpiy8="></latexit>

V (�) = �
�k

Mk�4
P

<latexit sha1_base64="RpoYRYRPRMxCzJwFuzGDbhvmVpo=">AAACFnicdVDLSsNAFJ3UV62vqks3g0Woi5a0KnUjFN24ESrYBzQxTCaTduhkEmYmQgn5Cjf+ihsXirgVd/6N07SCzwMDh3Pu4c49bsSoVKb5buTm5hcWl/LLhZXVtfWN4uZWR4axwKSNQxaKnoskYZSTtqKKkV4kCApcRrru6Gzid2+IkDTkV2ocETtAA059ipHSklOsdMpWNKT7J9BiOuUhaPkC4WQiXiejNE0unKSValo5TFOnWKpVzQzwf1ICM7Sc4pvlhTgOCFeYISn7NTNSdoKEopiRtGDFkkQIj9CA9DXlKCDSTrKzUrinFQ/6odCPK5ipXxMJCqQcB66eDJAayp/eRPzL68fKP7YTyqNYEY6ni/yYQRXCSUfQo4JgxcaaICyo/ivEQ6RrUbrJgi7BrDaOspN/k88SOvVq7aBavzRLzdNZHXmwA3ZBGdRAAzTBOWiBNsDgFtyDR/Bk3BkPxrPxMh3NGbPMNvgG4/UDCgmfaw==</latexit>

inflaton right-handed 
neutrinos



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 Warm axion dark matter
ü Matter power spectrum

ü Heavy QCD axions are well motivated both 
theoretically and experimentally.
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