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Review of the QCD Axion
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Experiments:

Why exceedingly small?

PRL 97, 131801 2006,   PRL 124, 081803 2020
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Strong CP Problem

QCD effects automatically generate an axion potential

This potential dynamically drives the axion to a field value that cancels    .✓̄
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Promoted to a dynamical field:

QCD axion2017

Peccei  Quinn

L � ✓̄
↵s

8⇡
Gµ⌫

b
eGbµ⌫

<latexit sha1_base64="kQ6+r7jzAxyfKop9y2IAOgVpTbE="></latexit>

solution

4



Status of Axion Dark Matter
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Axion Dark Matter Abundance
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Axion Dark Matter Abundance

Misalignment Mechanism

abundance
set by

θi

oscillations start when
H . ma
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Axion Dark Matter Abundance
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Axion Dark Matter Abundance
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dark mattermatter-antimatter
asymmetry

Axion Rotation

axion
S

(angular direction)
pseudo Nambu-Goldstone boson of 
Peccei-Quinn symmetry breaking

(radial direction)
spontaneously breaks 
Peccei-Quinn symmetry 
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Paper sheds light on infant universe and
origin of matter
10 March 2020

  
 

  

The rotation of the QCD axion (black ball) produces an
excess of matter (colored balls) over antimatter, allowing
galaxies and human beings to exist. Credit: Graphic:
Harigaya and Co; Photo: NASA

A new study, conducted to better understand the
origin of the universe, has provided insight into
some of the most enduring questions in
fundamental physics: How can the Standard Model
of particle physics be extended to explain the
cosmological excess of matter over antimatter?
What is dark matter? And what is the theoretical
origin of an unexpected but observed symmetry in
the force that binds protons and neutrons
together? 

In the paper "Axiogenesis," scheduled to be
published in Physical Review Letters on March 17,
2020, researchers Keisuke Harigaya, Member in

the School of Natural Sciences at the Institute for
Advanced Study, and Raymond T. Co of the
University of Michigan, have presented a
compelling case in which the quantum
chromodynamics (QCD) axion, first theorized in
1977, provides several important answers to these
questions.

"We revealed that the rotation of the QCD axion
can account for the excess of matter found in the
universe," stated Harigaya. "We named this
mechanism axiogenesis."

Infinitesimally light, the QCD axion—at least one
billion times lighter than a proton—is nearly ghost-
like. Millions of these particles pass through
ordinary matter every second without notice.
However, the subatomic level interaction of the
QCD axion can still leave detectable signals in
experiments with unprecedented sensitivities. While
the QCD axion has never been directly detected,
this study provides added fuel for experimentalists
to hunt down the elusive particle.

"The versatility of the QCD axion in solving the
mysteries of fundamental physics is truly amazing,"
stated Co. "We are thrilled about the unexplored
theoretical possibilities that this new aspect of the
QCD axion can bring. More importantly,
experiments may soon tell us whether the
mysteries of nature truly hint towards the QCD
axion."

Harigaya and Co have reasoned that the QCD
axion is capable of filling three missing pieces of
the physics jigsaw puzzle simultaneously. First, the
QCD axion was originally proposed to explain the
so-called strong CP problem—why the strong force,
which binds protons and neutrons together,
unexpectedly preserves a symmetry called the
Charge Parity (CP) symmetry. The CP symmetry is
inferred from the observation that a neutron does
not react with an electric field despite its charged
constituents. Second, the QCD axion was found to

                               1 / 3
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Why Rotation?

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

P =
S + fap

2
ei fa
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<latexit sha1_base64="24rOJYJ00AZ3hGSfvueKO7H8qpg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0isWnsrevHYgm2FNpTNdtOu3WzC7kYoob/AiwdFvPqTvPlv3KQV/How8Hhvhpl5fsyZ0o7zYRWWlldW14rrpY3Nre2d8u5eR0WJJLRNIh7JWx8rypmgbc00p7expDj0Oe36k6vM795TqVgkbvQ0pl6IR4IFjGBtpBYelCuOXc9wjuakWjfEOXWdahW5tpOjAgs0B+X3/jAiSUiFJhwr1XOdWHsplpoRTmelfqJojMkEj2jPUIFDqrw0P3SGjowyREEkTQmNcvX7RIpDpaahbzpDrMfqt5eJ/3m9RAcXXspEnGgqyHxRkHCkI5R9jYZMUqL51BBMJDO3IjLGEhNtsinlIdTOsk/RX/IVQufEdqu223IqjctFHEU4gEM4Bhdq0IBraEIbCFB4gCd4tu6sR+vFep23FqzFzD78gPX2CXIpjXM=</latexit>

I. Affleck and M. Dine 1991

Dynamics analogous to that in Affleck-Dine baryogenesis
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Wiggles :

Explicit PQ breaking
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

Why Rotation?

V (P ) ⇠ Pn

Mn�4
ei' + h.c. ⇠ |P |n

Mn�4
cos

✓
n
a

fa
+ '

◆

<latexit sha1_base64="na59yRvO1pJAPK2QFWqRcuiB3Xc="></latexit>

S
axion

S. Giddings et al. 1988
S. Coleman 1988

G. Gilbert 1988

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

I. Affleck and M. Dine 1991

Dynamics analogous to that in Affleck-Dine baryogenesis
14



I. Affleck and M. Dine 1991

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>

Dynamics analogous to that in Affleck-Dine baryogenesis

Large field value : Flat potential
For example, as an initial condition or
set dynamically by inflationary dynamics

V (|P |) ⇠ �H
2
I |P |2 + |P |d

Md�4
<latexit sha1_base64="oosw4+RZyUAC+lTOP44T1N4j0Ng="></latexit>

Why Rotation?
Wiggles :

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

V (P ) ⇠ Pn

Mn�4
ei' + h.c. ⇠ |P |n

Mn�4
cos

✓
n
a

fa
+ '

◆

<latexit sha1_base64="na59yRvO1pJAPK2QFWqRcuiB3Xc="></latexit>

S
axion

S. Giddings et al. 1988
S. Coleman 1988

G. Gilbert 1988

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

Hubble-induced mass P

V (P)

M. Dine, L. Randall, and S. D. Thomas 1991

15



Asymmetry of PQ Charge

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>

S
axion

✓ =
a

fa
<latexit sha1_base64="JMIDllGppxFIw97sop4um2xJH6w=">AAAB/3icdZDJSgNBEIZ74hbjNip48dIYBE9hEpF4EYJePEYwCyQh1HR6kiY9C901Qhjn4Kt48aCIV1/Dm29jZxLB9YeGn7+qqOrPjaTQ6DjvVm5hcWl5Jb9aWFvf2Nyyt3eaOowV4w0WylC1XdBcioA3UKDk7Uhx8F3JW+74Ylpv3XClRRhc4yTiPR+GgfAEAzRR397r4ogj0DPa9RSwBNLE60Pat4vlkpOJ/m+KZK56337rDkIW+zxAJkHrTtmJsJeAQsEkTwvdWPMI2BiGvGNsAD7XvSS7P6WHJhlQL1TmBUiz9OtEAr7WE981nT7gSP+sTcO/ap0YvdNeIoIoRh6w2SIvlhRDOoVBB0JxhnJiDDAlzK2UjcBwQIOsYCA4pepJ9uXf5hNCs1IqH5cqV06xdj7HkSf75IAckTKpkhq5JHXSIIzcknvySJ6sO+vBerZeZq05az6zS77Jev0Ax3WWCQ==</latexit>

PQ asymmetry
PQ charge density Rotation of PQ field

Noether charge associated with the shift symmetry

=
n✓ = S2✓̇

<latexit sha1_base64="yvZq9dV+sMUQSJCqtGCighG+iFs=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgqsxUpG6EohuXFe0D2rFk0kwbmskMyR2hDF248VfcuFDErR/hzr8xnVbweSBwOOcebu7xY8E1OM67lVtYXFpeya8W1tY3Nrfs7Z2mjhJFWYNGIlJtn2gmuGQN4CBYO1aMhL5gLX90NvVbN0xpHskrGMfMC8lA8oBTAkbq2UXZ68KQAcEn+PK6grv9CNKZMunZJbfsZMD/kxKao96z30ycJiGTQAXRuuM6MXgpUcCpYJNCN9EsJnREBqxjqCQh016aHTHB+0bp4yBS5knAmfo1kZJQ63Hom8mQwFD/9KbiX14ngeDYS7mME2CSzhYFicAQ4WkjuM8VoyDGhhCquPkrpkOiCAXTW8GU4JSrR9nJv8lnCc1K2T0sVy6cUu10XkceFdEeOkAuqqIaOkd11EAU3aJ79IierDvrwXq2XmajOWue2UXfYL1+ANLml6k=</latexit> this is nothing but
“angular momentum”r2!

<latexit sha1_base64="D1Ai2Pl6LB+ykVsYA2Et7GCJQto=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwFZKK1O6KblxWsA9sY5lMJ+3QeYSZiVBC/8KNC0Xc+jfu/BunaQStHrhwOOde7r0njBnVxvM+ncLK6tr6RnGztLW9s7tX3j9oa5koTFpYMqm6IdKEUUFahhpGurEiiIeMdMLJ1dzvPBClqRS3ZhqTgKORoBHFyFjpTt1XYV9yMkKDcsVz63XPAv4lvutlqIAczUH5oz+UOOFEGMyQ1j3fi02QImUoZmRW6ieaxAhP0Ij0LBWIEx2k2cUzeGKVIYyksiUMzNSfEyniWk95aDs5MmO97M3F/7xeYqKLIKUiTgwReLEoShg0Es7fh0OqCDZsagnCitpbIR4jhbCxIZWyEGrn+e/L5DuEdtX1z9zqjVdpXOZxFMEROAanwAc10ADXoAlaAAMBHsEzeHG08+S8Om+L1oKTzxyCX3DevwBBtpC8</latexit>

This is conserved soon after the initial kick.
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Asymmetry of PQ Charge

PQ asymmetry
PQ charge density Rotation of PQ field

Noether charge associated with the shift symmetry

=

What determines    ?✓̇
<latexit sha1_base64="sSz6sV7Fmfs9Q55HW06hSAQXkhk=">AAAB8XicbVDLSsNAFL3xWeur6tJNsAiuQlKR2l3RjcsK9oFtKJPppB06mYSZG6GU/oUbF4q49W/c+TdO0whaPTBwOOce5t4TJIJrdN1Pa2V1bX1js7BV3N7Z3dsvHRy2dJwqypo0FrHqBEQzwSVrIkfBOoliJAoEawfj67nffmBK81je4SRhfkSGkoecEjTSfW8QYw9HDEm/VHadWs01sP8Sz3EzlCFHo1/6MGGaRkwiFUTrrucm6E+JQk4FmxV7qWYJoWMyZF1DJYmY9qfZxjP71CgDO4yVeRLtTP2ZmJJI60kUmMmI4Egve3PxP6+bYnjpT7lMUmSSLj4KU2FjbM/PtwdcMYpiYgihiptdbToiilA0JRWzEqoX+e3L5LuEVsXxzp3KrVuuX+V1FOAYTuAMPKhCHW6gAU2gIOERnuHF0taT9Wq9LUZXrDxzBL9gvX8BHByRSg==</latexit>

Centripetal force!

✓̇ = mS
<latexit sha1_base64="pItA2KUHQCV8nIwFfRuZtijQD2g=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuQlKR2oVQdOOyon1AG8JkOmmHTh7M3BRK6J+4caGIW//EnX/jNI2g1QMXDufcO3Pv8RPBFdj2p7Gyura+sVnaKm/v7O7tmweHbRWnkrIWjUUsuz5RTPCItYCDYN1EMhL6gnX88c3c70yYVDyOHmCaMDckw4gHnBLQkmea/UEMfRgxIPgKh969Z1Zsq163NfBf4lh2jgoq0PTMD/0ETUMWARVEqZ5jJ+BmRAKngs3K/VSxhNAxGbKephEJmXKzfPMZPtXKAAex1BUBztWfExkJlZqGvu4MCYzUsjcX//N6KQSXbsajJAUW0cVHQSowxHgeAx5wySiIqSaESq53xXREJKGgwyrnIdQuituXyXcI7arlnFvVO7vSuC7iKKFjdILOkINqqIFuURO1EEUT9Iie0YuRGU/Gq/G2aF0xipkj9AvG+xf+GpNT</latexit>

which is in turn set by supersymmetry scale.

Fc = mac
<latexit sha1_base64="0GscYfTBEQOGzj7IYXeRLaSJDsg=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwFZKK1C6EoiAuK9gHpCFMppN26MwkzEyEEvoZblwo4tavceffOE0jaPXAhcM593LvPWHCqNKO82mVVlbX1jfKm5Wt7Z3dver+QVfFqcSkg2MWy36IFGFUkI6mmpF+IgniISO9cHI993sPRCoai3s9TYjP0UjQiGKkjeTdBBheQg5RgINqzbGbTccA/iWu7eSogQLtoPoxGMY45URozJBSnusk2s+Q1BQzMqsMUkUShCdoRDxDBeJE+Vl+8gyeGGUIo1iaEhrm6s+JDHGlpjw0nRzpsVr25uJ/npfq6MLPqEhSTQReLIpSBnUM5//DIZUEazY1BGFJza0Qj5FEWJuUKnkIjfPi92XyHUK3brtndv3OqbWuijjK4Agcg1PgggZogVvQBh2AQQwewTN4sbT1ZL1ab4vWklXMHIJfsN6/AOqTkHQ=</latexit>

V 0(S) = S✓̇2
<latexit sha1_base64="RRgXMc8OuekQFop882avPoMK060=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR62aYqUjtQii6cVmpfUBbSyZN29DMg+SOUGoX/oobF4q49Tfc+Tem0xG0eiBwOOce7s1xQ8EV2PankVpYXFpeSa9m1tY3NrfM7Z2aCiJJWZUGIpANlygmuM+qwEGwRigZ8VzB6u7wcurX75hUPPBvYBSytkf6Pu9xSkBLHXOvdpSrHONzXMGtbgAtGDAgt/mOmbWtYtHWwH+JY9kxsihBuWN+6DiNPOYDFUSppmOH0B4TCZwKNsm0IsVCQoekz5qa+sRjqj2O75/gQ610cS+Q+vmAY/VnYkw8pUaeqyc9AgM1703F/7xmBL2z9pj7YQTMp7NFvUhgCPC0DNzlklEQI00IlVzfiumASEJBV5aJSyicJn+fJ98l1PKWc2Llr+1s6SKpI4320QHKIQcVUAldoTKqIoru0SN6Ri/Gg/FkvBpvs9GUkWR20S8Y7194R5SU</latexit>

m2
SS = S✓̇2

<latexit sha1_base64="RThKgwix8kdTlSBsKx2JbGCKov4=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJVpRWoXQtGNy0rtA9ppyaSZNjTzILkjlKFu/BU3LhRx61+4829MpyNo9cCFwzn3kNzjhIIrsKxPI7O0vLK6ll3PbWxube+Yu3tNFUSSsgYNRCDbDlFMcJ81gINg7VAy4jmCtZzx1cxv3TGpeODfwiRktkeGPnc5JaClvnng9eu9Eq7jCz3dQQBdGDEgvVLfzFuFSsXSwH9JsWAlyKMUtb75oeM08pgPVBClOkUrBDsmEjgVbJrrRoqFhI7JkHU09YnHlB0nF0zxsVYG2A2kHh9wov5MxMRTauI5etMjMFKL3kz8z+tE4J7bMffDCJhP5w+5kcAQ4FkdeMAloyAmmhAquf4rpiMiCQVdWi4poXyW3r5IvktolgrF00LpxspXL9M6sugQHaETVERlVEXXqIYaiKJ79Iie0YvxYDwZr8bbfDVjpJl99AvG+xdeOZWp</latexit>

V (S) ' 1

2
m2

SS
2

<latexit sha1_base64="VbQA0Nk2XC1+AI2PHcwNRKGda9s=">AAACCnicbZC7TsMwFIYdrqXcAowshgqpLFVShEq3ChbGotKL1ITIcZ3Wqp0E20Gqos4svAoLAwix8gRsvA1uGyQo/NKRfv3nHNnn82NGpbKsT2NhcWl5ZTW3ll/f2NzaNnd2WzJKBCZNHLFIdHwkCaMhaSqqGOnEgiDuM9L2hxeTfvuOCEmj8FqNYuJy1A9pQDFSOvLMg1axcQwdSTm5hU4gEE7tcVoeQ+41bspQl2cWrFK1amnBv8YuWVMVQKa6Z344vQgnnIQKMyRl17Zi5aZIKIoZGeedRJIY4SHqk662IeJEuun0lDE80kkPBpHQFSo4TX9upIhLOeK+nuRIDeR8bxL+1+smKjhzUxrGiSIhnj0UJAyqCE64wB4VBCs20gZhQfVfIR4gzUNpevkphMppdvu8+YbQKpfsk1L5yirUzjMcObAPDkER2KACauAS1EETYHAPHsEzeDEejCfj1XibjS4Y2c4e+CXj/Qu9aZke</latexit>

from supersymmetry

n✓ = S2✓̇
<latexit sha1_base64="yvZq9dV+sMUQSJCqtGCighG+iFs=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgqsxUpG6EohuXFe0D2rFk0kwbmskMyR2hDF248VfcuFDErR/hzr8xnVbweSBwOOcebu7xY8E1OM67lVtYXFpeya8W1tY3Nrfs7Z2mjhJFWYNGIlJtn2gmuGQN4CBYO1aMhL5gLX90NvVbN0xpHskrGMfMC8lA8oBTAkbq2UXZ68KQAcEn+PK6grv9CNKZMunZJbfsZMD/kxKao96z30ycJiGTQAXRuuM6MXgpUcCpYJNCN9EsJnREBqxjqCQh016aHTHB+0bp4yBS5knAmfo1kZJQ63Hom8mQwFD/9KbiX14ngeDYS7mME2CSzhYFicAQ4WkjuM8VoyDGhhCquPkrpkOiCAXTW8GU4JSrR9nJv8lnCc1K2T0sVy6cUu10XkceFdEeOkAuqqIaOkd11EAU3aJ79IierDvrwXq2XmajOWue2UXfYL1+ANLml6k=</latexit> this is nothing but

“angular momentum”r2!
<latexit sha1_base64="D1Ai2Pl6LB+ykVsYA2Et7GCJQto=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwFZKK1O6KblxWsA9sY5lMJ+3QeYSZiVBC/8KNC0Xc+jfu/BunaQStHrhwOOde7r0njBnVxvM+ncLK6tr6RnGztLW9s7tX3j9oa5koTFpYMqm6IdKEUUFahhpGurEiiIeMdMLJ1dzvPBClqRS3ZhqTgKORoBHFyFjpTt1XYV9yMkKDcsVz63XPAv4lvutlqIAczUH5oz+UOOFEGMyQ1j3fi02QImUoZmRW6ieaxAhP0Ij0LBWIEx2k2cUzeGKVIYyksiUMzNSfEyniWk95aDs5MmO97M3F/7xeYqKLIKUiTgwReLEoShg0Es7fh0OqCDZsagnCitpbIR4jhbCxIZWyEGrn+e/L5DuEdtX1z9zqjVdpXOZxFMEROAanwAc10ADXoAlaAAMBHsEzeHG08+S8Om+L1oKTzxyCX3DevwBBtpC8</latexit>

This is conserved soon after the initial kick.

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>

S
axion

✓ =
a

fa
<latexit sha1_base64="JMIDllGppxFIw97sop4um2xJH6w=">AAAB/3icdZDJSgNBEIZ74hbjNip48dIYBE9hEpF4EYJePEYwCyQh1HR6kiY9C901Qhjn4Kt48aCIV1/Dm29jZxLB9YeGn7+qqOrPjaTQ6DjvVm5hcWl5Jb9aWFvf2Nyyt3eaOowV4w0WylC1XdBcioA3UKDk7Uhx8F3JW+74Ylpv3XClRRhc4yTiPR+GgfAEAzRR397r4ogj0DPa9RSwBNLE60Pat4vlkpOJ/m+KZK56337rDkIW+zxAJkHrTtmJsJeAQsEkTwvdWPMI2BiGvGNsAD7XvSS7P6WHJhlQL1TmBUiz9OtEAr7WE981nT7gSP+sTcO/ap0YvdNeIoIoRh6w2SIvlhRDOoVBB0JxhnJiDDAlzK2UjcBwQIOsYCA4pepJ9uXf5hNCs1IqH5cqV06xdj7HkSf75IAckTKpkhq5JHXSIIzcknvySJ6sO+vBerZeZq05az6zS77Jev0Ax3WWCQ==</latexit>
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PQ Charge Evolution

Charge conservation:

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

scale factor of the universe

dilution due to
cosmic expansion

S
axion

✓ =
a

fa
<latexit sha1_base64="JMIDllGppxFIw97sop4um2xJH6w=">AAAB/3icdZDJSgNBEIZ74hbjNip48dIYBE9hEpF4EYJePEYwCyQh1HR6kiY9C901Qhjn4Kt48aCIV1/Dm29jZxLB9YeGn7+qqOrPjaTQ6DjvVm5hcWl5Jb9aWFvf2Nyyt3eaOowV4w0WylC1XdBcioA3UKDk7Uhx8F3JW+74Ylpv3XClRRhc4yTiPR+GgfAEAzRR397r4ogj0DPa9RSwBNLE60Pat4vlkpOJ/m+KZK56337rDkIW+zxAJkHrTtmJsJeAQsEkTwvdWPMI2BiGvGNsAD7XvSS7P6WHJhlQL1TmBUiz9OtEAr7WE981nT7gSP+sTcO/ap0YvdNeIoIoRh6w2SIvlhRDOoVBB0JxhnJiDDAlzK2UjcBwQIOsYCA4pepJ9uXf5hNCs1IqH5cqV06xdj7HkSf75IAckTKpkhq5JHXSIIzcknvySJ6sO+vBerZeZq05az6zS77Jev0Ax3WWCQ==</latexit>

18

n✓ = S2✓̇ / R�3
<latexit sha1_base64="ZNxiRYc6rF/ZVIws/eFJb4HOUOs=">AAACE3icdVDLSgMxFM3UV62vUZdugkUQwTJtkboRim5c1kcf0JmWTJq2oZnMkNwRytB/cOOvuHGhiFs37vwb04fg80DgcM69Sc7xI8E1OM67lZqbX1hcSi9nVlbX1jfsza2aDmNFWZWGIlQNn2gmuGRV4CBYI1KMBL5gdX9wNvbrN0xpHsprGEbMC0hP8i6nBIzUtg9k24U+A4JP8FWrgN1OCMlUGWE3UmEEIb5sJYfFUdvO5nPOBPh/kkUzVNr2m7mNxgGTQAXRupl3IvASooBTwUYZN9YsInRAeqxpqCQB014yyTTCe0bp4G6ozJGAJ+rXjYQEWg8D30wGBPr6pzcW//KaMXSPvYTLKAYm6fShbiywyTkuCHe4YhTE0BBCFTd/xbRPFKFgasyYEpxc6WgS+Tf5LKFWyOWLucKFky2fzupIox20i/ZRHpVQGZ2jCqoiim7RPXpET9ad9WA9Wy/T0ZQ129lG32C9fgC7+52H</latexit>

n✓ = S2✓̇
<latexit sha1_base64="yvZq9dV+sMUQSJCqtGCighG+iFs=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgqsxUpG6EohuXFe0D2rFk0kwbmskMyR2hDF248VfcuFDErR/hzr8xnVbweSBwOOcebu7xY8E1OM67lVtYXFpeya8W1tY3Nrfs7Z2mjhJFWYNGIlJtn2gmuGQN4CBYO1aMhL5gLX90NvVbN0xpHskrGMfMC8lA8oBTAkbq2UXZ68KQAcEn+PK6grv9CNKZMunZJbfsZMD/kxKao96z30ycJiGTQAXRuuM6MXgpUcCpYJNCN9EsJnREBqxjqCQh016aHTHB+0bp4yBS5knAmfo1kZJQ63Hom8mQwFD/9KbiX14ngeDYS7mME2CSzhYFicAQ4WkjuM8VoyDGhhCquPkrpkOiCAXTW8GU4JSrR9nJv8lnCc1K2T0sVy6cUu10XkceFdEeOkAuqqIaOkd11EAU3aJ79IierDvrwXq2XmajOWue2UXfYL1+ANLml6k=</latexit>



PQ Charge Evolution

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

Large field (         ):

for quadratic potential

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

Charge conservation:

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

scale factor of the universe

S2 = f2
a

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

At the minimum:
✓̇ / R�3

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

kination

matter

⇢✓ = ✓̇2f2
a / R�6

<latexit sha1_base64="WGYtoZ4/HHM4+CGrKT2owLd4rnY="></latexit>

⇢✓ = ✓̇2S2 / R�3
<latexit sha1_base64="gRVKMw+Ggqa0Igxg2sBdZaiNoMk="></latexit>

V (S) ' 1

2
m2

SS
2

<latexit sha1_base64="VbQA0Nk2XC1+AI2PHcwNRKGda9s=">AAACCnicbZC7TsMwFIYdrqXcAowshgqpLFVShEq3ChbGotKL1ITIcZ3Wqp0E20Gqos4svAoLAwix8gRsvA1uGyQo/NKRfv3nHNnn82NGpbKsT2NhcWl5ZTW3ll/f2NzaNnd2WzJKBCZNHLFIdHwkCaMhaSqqGOnEgiDuM9L2hxeTfvuOCEmj8FqNYuJy1A9pQDFSOvLMg1axcQwdSTm5hU4gEE7tcVoeQ+41bspQl2cWrFK1amnBv8YuWVMVQKa6Z344vQgnnIQKMyRl17Zi5aZIKIoZGeedRJIY4SHqk662IeJEuun0lDE80kkPBpHQFSo4TX9upIhLOeK+nuRIDeR8bxL+1+smKjhzUxrGiSIhnj0UJAyqCE64wB4VBCs20gZhQfVfIR4gzUNpevkphMppdvu8+YbQKpfsk1L5yirUzjMcObAPDkER2KACauAS1EETYHAPHsEzeDEejCfj1XibjS4Y2c4e+CXj/Qu9aZke</latexit>

S � fa
<latexit sha1_base64="2Nwmj82MyWbMkayrDHvoaScbvc8=">AAAB8HicbVDLSsNAFJ34rPVVdelmsAiuQpK2pt0V3bisaB/ShjKZTtqhM0mYmQgl9CvcuFDErZ/jzr9xklbwdeDC4Zx7ufceP2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhR0aJwKSNIxaJno8kYTQkbUUVI71YEMR9Rrr+9DLzu/dESBqFt2oWE4+jcUgDipHS0t0NHIzHMBiiYalsmZWqVXUcaJluzXErtiaNRr3unEPbtHKUwRKtYel9MIpwwkmoMENS9m0rVl6KhKKYkXlxkEgSIzxFY9LXNEScSC/ND57DU62MYBAJXaGCufp9IkVcyhn3dSdHaiJ/e5n4n9dPVFD3UhrGiSIhXiwKEgZVBLPv4YgKghWbaYKwoPpWiCdIIKx0RsU8BLeWfQr/kq8QOo5pV0zn2io3L5ZxFMAxOAFnwAYuaIIr0AJtgAEHD+AJPBvCeDRejNdF64qxnDkCP2C8fQJHKZAq</latexit>

dilution due to
cosmic expansion

S
axion

✓ =
a

fa
<latexit sha1_base64="JMIDllGppxFIw97sop4um2xJH6w=">AAAB/3icdZDJSgNBEIZ74hbjNip48dIYBE9hEpF4EYJePEYwCyQh1HR6kiY9C901Qhjn4Kt48aCIV1/Dm29jZxLB9YeGn7+qqOrPjaTQ6DjvVm5hcWl5Jb9aWFvf2Nyyt3eaOowV4w0WylC1XdBcioA3UKDk7Uhx8F3JW+74Ylpv3XClRRhc4yTiPR+GgfAEAzRR397r4ogj0DPa9RSwBNLE60Pat4vlkpOJ/m+KZK56337rDkIW+zxAJkHrTtmJsJeAQsEkTwvdWPMI2BiGvGNsAD7XvSS7P6WHJhlQL1TmBUiz9OtEAr7WE981nT7gSP+sTcO/ap0YvdNeIoIoRh6w2SIvlhRDOoVBB0JxhnJiDDAlzK2UjcBwQIOsYCA4pepJ9uXf5hNCs1IqH5cqV06xdj7HkSf75IAckTKpkhq5JHXSIIzcknvySJ6sO+vBerZeZq05az6zS77Jev0Ax3WWCQ==</latexit>

19

n✓ = S2✓̇ / R�3
<latexit sha1_base64="ZNxiRYc6rF/ZVIws/eFJb4HOUOs=">AAACE3icdVDLSgMxFM3UV62vUZdugkUQwTJtkboRim5c1kcf0JmWTJq2oZnMkNwRytB/cOOvuHGhiFs37vwb04fg80DgcM69Sc7xI8E1OM67lZqbX1hcSi9nVlbX1jfsza2aDmNFWZWGIlQNn2gmuGRV4CBYI1KMBL5gdX9wNvbrN0xpHsprGEbMC0hP8i6nBIzUtg9k24U+A4JP8FWrgN1OCMlUGWE3UmEEIb5sJYfFUdvO5nPOBPh/kkUzVNr2m7mNxgGTQAXRupl3IvASooBTwUYZN9YsInRAeqxpqCQB014yyTTCe0bp4G6ozJGAJ+rXjYQEWg8D30wGBPr6pzcW//KaMXSPvYTLKAYm6fShbiywyTkuCHe4YhTE0BBCFTd/xbRPFKFgasyYEpxc6WgS+Tf5LKFWyOWLucKFky2fzupIox20i/ZRHpVQGZ2jCqoiim7RPXpET9ad9WA9Wy/T0ZQ129lG32C9fgC7+52H</latexit>

n✓ = S2✓̇
<latexit sha1_base64="yvZq9dV+sMUQSJCqtGCighG+iFs=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgqsxUpG6EohuXFe0D2rFk0kwbmskMyR2hDF248VfcuFDErR/hzr8xnVbweSBwOOcebu7xY8E1OM67lVtYXFpeya8W1tY3Nrfs7Z2mjhJFWYNGIlJtn2gmuGQN4CBYO1aMhL5gLX90NvVbN0xpHskrGMfMC8lA8oBTAkbq2UXZ68KQAcEn+PK6grv9CNKZMunZJbfsZMD/kxKao96z30ycJiGTQAXRuuM6MXgpUcCpYJNCN9EsJnREBqxjqCQh016aHTHB+0bp4yBS5knAmfo1kZJQ63Hom8mQwFD/9KbiX14ngeDYS7mME2CSzhYFicAQ4WkjuM8VoyDGhhCquPkrpkOiCAXTW8GU4JSrR9nJv8lnCc1K2T0sVy6cUu10XkceFdEeOkAuqqIaOkd11EAU3aJ79IierDvrwXq2XmajOWue2UXfYL1+ANLml6k=</latexit>



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>
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Asymmetries in Thermal Equilibrium
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Axion Dark Matter
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Kinetic Misalignment Mechanism

PRL 124, 251802 (2020) RC,  L. Hall,  K. Harigaya
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Kinetic Misalignment Mechanism

Misalignment Mechanism

a novel scenario where the axion field has a 
nonzero initial velocity, e.g., from axion rotations.

axion cosine potential

axion cosine potential
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Kinetic Misalignment Mechanism
a novel scenario where the axion field has a 

nonzero initial velocity, e.g., from axion rotations.

axion cosine potential

PRL 124, 251802 (2020) RC,  L. Hall,  K. Harigaya

axion cosine potential

24

kinetic energy > potential energy
enhancing axion abundance
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giving a strong motivation for 
axion dark matter experiment
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Observed dark matter abundance

(Planck 2018)
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Baryon Asymmetry
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Axiogenesis

PQ asymmetry
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baryon asymmetry
nB

(nB+L≠0)
electroweak sphaleron

electroweak sphaleron
given weak anomaly of PQ

quark chiral asymmetry
nq nu nd

strong sphaleron

matter-antimatter asymmetryStandard Model processes

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

Baryogenesis is automatic, thanks to
(production of baryon asymmetry)

Y obs
B ' 8.7⇥ 10�11

<latexit sha1_base64="um8A4ADzuuu34Fku5dTeRPBsIPY=">AAACEXicdVDLSsNAFJ3UV62vqEs3g0XoxpBUpF2WunFZwT6kScNkOmmHTh7OTIQS8gtu/BU3LhRx686df+M0reDzwIXDOfdy7z1ezKiQpvmuFZaWV1bXiuuljc2t7R19d68jooRj0sYRi3jPQ4IwGpK2pJKRXswJCjxGut7kbOZ3bwgXNAov5TQmToBGIfUpRlJJrl65cpuD1OYBjDyRQVvQgFzDulGDtlRUQMscpMeWlbl62TLMHPB/UgYLtFz9zR5GOAlIKDFDQvQtM5ZOirikmJGsZCeCxAhP0Ij0FQ2R2uak+UcZPFLKEPoRVxVKmKtfJ1IUCDENPNUZIDkWP72Z+JfXT6Rfd1IaxokkIZ4v8hMGZQRn8cAh5QRLNlUEYU7VrRCPEUdYqhBLKgTTqJ3mL/8mnyF0qoZ1YlQvzHKjuYijCA7AIagAC9RAA5yDFmgDDG7BPXgET9qd9qA9ay/z1oK2mNkH36C9fgCZopuq</latexit>

experimentally measured value
(Planck 2018)

YB ⌘ nB

s
<latexit sha1_base64="s1/EsGyRIfHbUP2WhkbxUfyU1DE=">AAACAnicdZDLSsNAFIYnXmu9RV2Jm8EiuApJReqy1I3LCvYiTQiT6aQdOpnEmUmhhODGV3HjQhG3PoU738ZpWsHrDwM//zmHM+cLEkalsu13Y2FxaXlltbRWXt/Y3No2d3bbMk4FJi0cs1h0AyQJo5y0FFWMdBNBUBQw0glG59N6Z0yEpDG/UpOEeBEacBpSjJSOfHP/2m9Al9ykdAzdUCCccb+RZzKHvllxLLsQ/N9UwFxN33xz+zFOI8IVZkjKnmMnysuQUBQzkpfdVJIE4REakJ62HEVEellxQg6PdNKHYSz04woW6deJDEVSTqJAd0ZIDeXP2jT8q9ZLVXjmZZQnqSIczxaFKYMqhlMesE8FwYpNtEFYUP1XiIdIg1CaWllDsK3aaXHyb/MJoV21nBOremlX6o05jhI4AIfgGDigBurgAjRBC2BwC+7BI3gy7owH49l4mbUuGPOZPfBNxusHtGKXEw==</latexit>

28

produced by axion rotations

= cBY✓

✓
TEW

fa

◆2

<latexit sha1_base64="gdnkQ4yR4Sm5Jj46iIZW358n2DA="></latexit>



Axiogenesis

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

= cBY✓

✓
TEW

fa

◆2

<latexit sha1_base64="gdnkQ4yR4Sm5Jj46iIZW358n2DA="></latexit>

Namely, the baryon asymmetry relates

✓
TEW

fa

◆2

 ! Y✓
<latexit sha1_base64="ZOH+Oy2M3voleq1hCc3NmoC2lTk="></latexit>

YB
<latexit sha1_base64="D6bA3xU5zBsgP298E44v0GEQbXM=">AAAB6nicdVDLSgNBEOzxGeMr6tHLYBA8LbsRiccQLx4jmockS5idzCZDZmeXmVkhLPkELx4U8eoXefNvnGwi+CxoKKq66e4KEsG1cd13tLS8srq2Xtgobm5t7+yW9vZbOk4VZU0ai1h1AqKZ4JI1DTeCdRLFSBQI1g7GFzO/fceU5rG8MZOE+REZSh5ySoyVrm/79X6p7DluDvw/KcMCjX7prTeIaRoxaaggWnc9NzF+RpThVLBpsZdqlhA6JkPWtVSSiGk/y0+d4mOrDHAYK1vS4Fz9OpGRSOtJFNjOiJiR/unNxL+8bmrCcz/jMkkNk3S+KEwFNjGe/Y0HXDFqxMQSQhW3t2I6IopQY9Mp2hBcp3qWv/ybfIbQqjjeqVO5csu1+iKOAhzCEZyAB1WowSU0oAkUhnAPj/CEBHpAz+hl3rqEFjMH8A3o9QMJCI22</latexit>

Standard Model processes

out of equilibrium at TEW

Baryogenesis is automatic, thanks to matter-antimatter asymmetry
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Kinetic Misalignment + Axiogenesis

JHEP 01 (2021) 172 RC,  L. Hall,  K. Harigaya
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Kinetic Misalignment + Axiogenesis
Prediction:
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ALP cogenesis

Dark matter from conventional misalignment mechanismdark matter 

overproducedALP = axion-like particle
 (no gluon coupling)
cogenesis 
          = production of both dark matter
 & matter-antimatter asymmetry
We assume TEW = 130 GeV.
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ALP CogenesisExperimental probes are happening!

PRL 129, 251102 (2022)

PRL 126 (2021) 8, 081803

Sci.Adv. 8 (2022) 27, abq3765
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Kinetic Misalignment + Axiogenesis
Prediction:
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Can the QCD axion be compatible 
with cogenesis from axion rotations?
Yes. This is a great opportunity to bring 
other open questions into the picture!
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Extensions of Axiogenesis

any additional lepton or baryon 
number-violating processes
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Lepto-Axiogenesis other extensions
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Lepto-Axiogenesis
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Lepto-Axiogenesis
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Baryogenesis from Decaying Magnetic Helicity in Axiogenesis
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Gravitational Wave Signatures
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Evolution of Energy Densities

42 Over time, the universe cools and temperature drops.

standard cosmology

The energy content determines the universe’s expansion rate.



Large field (      ):

At the minimum:

kination

matter

S � fa
<latexit sha1_base64="BRc3PIWYUs8hSv4KnVs7pl3m4Rg=">AAAB8HicbVDLSsNAFJ3UV62vqks3g0VwFSZtbeyu6MZlRfuQNpTJdJIOnUzCzEQooV/hxoUibv0cd/6NSVrB14ELh3Pu5d573IgzpRH6MAorq2vrG8XN0tb2zu5eef+gq8JYEtohIQ9l38WKciZoRzPNaT+SFAcupz13epn5vXsqFQvFrZ5F1AmwL5jHCNapdHcDh74PvREelSvIbDbryLIgMm3UaNYzgmqNqmVDy0Q5KmCJ9qj8PhyHJA6o0IRjpQYWirSTYKkZ4XReGsaKRphMsU8HKRU4oMpJ8oPn8CRVxtALZVpCw1z9PpHgQKlZ4KadAdYT9dvLxP+8Qay9cydhIoo1FWSxyIs51CHMvodjJinRfJYSTCRLb4VkgiUmOs2olIdgn2Wfwr/kK4Ru1bRqZvUaVVoXyziK4Agcg1NgARu0wBVogw4gIAAP4Ak8G9J4NF6M10VrwVjOHIIfMN4+ATbjkB4=</latexit>

⇢✓ = ✓̇2S2 / R�3
<latexit sha1_base64="JKx7yk6ZcOQqUX9/rthefOsJ8KE="></latexit>

⇢✓ = ✓̇2f2
a / R�6

<latexit sha1_base64="uZcVZlzUtIFVboRIwAVuNTtkwvA="></latexit>

TRM TMK TKR
T

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

domination

ρPQ ∝ T 3
rotation

ρPQ ∝T 6rotation

thermal bath

Evolution of Energy Densities

43

axion rotation

standard cosmology

The energy content determines the universe’s expansion rate.

Over time, the universe cools and temperature drops.
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This modifies the cosmic expansion 
history and has profound implications for
q gravitational wave spectrum
q dark matter production
q the cosmic microwave background
q the matter power spectrum
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Smoking Gun: Triangular Peak in Gravitational Wave Spectra
from inflation
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assuming radiation-dominated universe
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kinetic misalignment prediction

model parameter dependent

47
2108.09299 JHEP 09 (2022) 116 RC, D. Dunsky, N. Fernandez, A. Ghalsasi, L. Hall, K. Harigaya, J. Shelton

2108.10328, 2111.01150 Y. Gouttenoire, G. Servant, P. Simakachorn

Smoking Gun: Triangular Peak in Gravitational Wave Spectra
from inflation



10-10 10-8 10-6 10-4 10-2 1 102 104 106 108
10-18
10-17
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6

f (Hz)

Ω
G

W
h2

EP
TA

NA
NO

G
ra

v

PP
TA

IP
TA

SK
A

LISA

DE
CI

GO

BBO

aL
IG

O/
aV

irg
o

aL
IG

O
(d

es
ig

n)

ET
CE

Gμ = 610-11 TKR
= 100 MeV TRM = 100 TeV

TRM = 100 GeV

Gμ
=

5
10

-1
5

TKR = 3 MeV
TRM = 100 MeV

Gμ
=

5
10

-2
0

TKR
=

3 MeV TRM = 100 MeV

Smoking Gun: Triangular Peak in Gravitational Wave Spectra

↵ = 0.1
<latexit sha1_base64="W4P/s3UQoDxBbt4UR0SE2fkmpPI=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0gUqReh6MVjBfsBTSiT7aZdutksuxuhlP4NLx4U8eqf8ea/cZtG0OqDgcd7M8zMiyRn2njep1NaWV1b3yhvVra2d3b3qvsHbZ1mitAWSXmquhFoypmgLcMMp12pKCQRp51ofDP3Ow9UaZaKezORNExgKFjMCBgrBQFwOQJ8hT3X71drnuvlwH+JX5AaKtDsVz+CQUqyhApDOGjd8z1pwikowwins0qQaSqBjGFIe5YKSKgOp/nNM3xilQGOU2VLGJyrPyemkGg9SSLbmYAZ6WVvLv7n9TITX4ZTJmRmqCCLRXHGsUnxPAA8YIoSwyeWAFHM3orJCBQQY2Oq5CHUL4rfl8l3CO0z1z93/Tuv1rgu4iijI3SMTpGP6qiBblETtRBBEj2iZ/TiZM6T8+q8LVpLTjFziH7Bef8CHnWQgA==</latexit>

2108.09299 JHEP 09 (2022) 116 RC, D. Dunsky, N. Fernandez, A. Ghalsasi, L. Hall, K. Harigaya, J. Shelton

2108.10328, 2111.01150 Y. Gouttenoire, G. Servant, P. Simakachorn

kin
atio

n matter

48

from cosmic strings



TRM TMK TKR
T

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

domination

ρPQ ∝ T 3
rotation

ρPQ ∝T 6rotation

thermal bath

Evolution of Energy Densities

This modifies the cosmic expansion 
history and has profound implications for
q gravitational wave spectrum
q dark matter production
q the cosmic microwave background
q the matter power spectrum

49

The energy content determines the universe’s expansion rate.

No entropy production!
This can occur between BBN and recombination
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Probing PQ-breaking Potential
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Models
piecewise ρθ
two-field model
log potential
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Conclusions

üNew axion dynamics allows the QCD axion to simultaneously explain 
ü  Strong CP problem
ü  dark matter abundance
ü  baryon asymmetry

üThis paradigm predicts exciting phenomenology
ü  specific axion mass-coupling relations
ü  axion kination: unique gravitational wave spectra

üOther possible signatures include
ü  gravitational lensing of axion mini-clusters
ü  enhanced matter power spectrum
ü  warm axion dark matter
ü  Majorana neutrinos

üNew model building opportunities 
ü  other open questions across disciplines 
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