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Misalignment Mechanism: Scalars
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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

�
@
2
t + 3H@t +m

2
�

�
� = 0

<latexit sha1_base64="JOzNE8lnYPxv5mUhY7NyDtwcrB8="></latexit>

H � m�
<latexit sha1_base64="Xss5OJhpIoG9HBok2w0utPX5OXI=">AAAB83icdVDLSsNAFJ3UV42vqks3g0VwFRJF6kYsuumygn1AE8pkOkmHziTDzEQoob/hxoWibv0O927Ev3GaKvg8cOFwzr3ce08oGFXadd+s0tz8wuJSedleWV1b36hsbrVVmklMWjhlqeyGSBFGE9LSVDPSFZIgHjLSCUfnU79zRaSiaXKpx4IEHMUJjShG2kh+A/pxDHnfF0Par1Q9xy0A/yfV02f7RDy82s1+5cUfpDjjJNGYIaV6nit0kCOpKWZkYvuZIgLhEYpJz9AEcaKCvLh5AveMMoBRKk0lGhbq14kccaXGPDSdHOmh+ulNxb+8Xqaj4yCnicg0SfBsUZQxqFM4DQAOqCRYs7EhCEtqboV4iCTC2sRkmxBcp3ZUvPybfIbQPnC8Q8e7cKv1MzBDGeyAXbAPPFADddAATdACGAhwDW7BnZVZN9a99ThrLVkfM9vgG6ynd4eQlHE=</latexit>

m� � H
<latexit sha1_base64="APWG0qK0J/LmKpHzXZJm+6jc01M=">AAAB83icdVDLSsNAFJ3UV42vqks3g0VwFRJF6kYsuumygn1AE8pkOkmHziTDzEQoob/hxoWibv0O927Ev3GaKvg8cOFwzr3ce08oGFXadd+s0tz8wuJSedleWV1b36hsbrVVmklMWjhlqeyGSBFGE9LSVDPSFZIgHjLSCUfnU79zRaSiaXKpx4IEHMUJjShG2kg+7/tiSKEfx7DRr1Q9xy0A/yfV02f7RDy82s1+5cUfpDjjJNGYIaV6nit0kCOpKWZkYvuZIgLhEYpJz9AEcaKCvLh5AveMMoBRKk0lGhbq14kccaXGPDSdHOmh+ulNxb+8Xqaj4yCnicg0SfBsUZQxqFM4DQAOqCRYs7EhCEtqboV4iCTC2sRkmxBcp3ZUvPybfIbQPnC8Q8e7cKv1MzBDGeyAXbAPPFADddAATdACGAhwDW7BnZVZN9a99ThrLVkfM9vgG6ynd4vclHE=</latexit>

� = constant
<latexit sha1_base64="AjvDfAjkpYcOhDmdHHDXAk7S1fI=">AAAB/nicdVDLSsNAFJ3UV42vqrhyM1gEVyFRpG6KRTcuK9gHtKFMptN26GQSZm6EEgr+igguFHHrH7h3I/6N01TB54ELh3Pu5d57glhwDa77ZuVmZufmF/KL9tLyyupaYX2jrqNEUVajkYhUMyCaCS5ZDTgI1owVI2EgWCMYnk78xiVTmkfyAkYx80PSl7zHKQEjdQpb7XjAcRmnbRViGkkNRMK4Uyh6jpsB/0+Kx892Ob55taudwku7G9EkZBKoIFq3PDcGPyUKOBVsbLcTzWJCh6TPWoZKEjLtp9n5Y7xrlC7uRcqUBJypXydSEmo9CgPTGRIY6J/eRPzLayXQO/JTLuMEmKTTRb1EYIjwJAvc5YpRECNDCFXc3IrpgChCwSRmmxBcp3SYvfybfIZQ33e8A8c7d4uVEzRFHm2jHbSHPFRCFXSGqqiGKErRNbpD99aVdWs9WI/T1pz1MbOJvsF6egcrTZi4</latexit>

� / a�
3
2

<latexit sha1_base64="al8PLbUtkpYKTndqLbv9eHDDBnQ=">AAACBnicdVBLS8NAGNzUV42vqkcRFovgxZC0SL2IRS8eK9gHNLFstpt26SZZdjdCCTl58X948uJBEa/evHsR/43bVsHnwMIw8318O+NzRqWy7TcjNzU9MzuXnzcXFpeWVwqraw0ZJwKTOo5ZLFo+koTRiNQVVYy0uCAo9Blp+oPjkd+8IELSODpTQ068EPUiGlCMlJY6hU2X9yl0uYi5iiE6T3fdQCCclrO0lGWdQtGx7DHg/6R4+Gwe8OtXs9YpvLjdGCchiRRmSMq2Y3PlpUgoihnJTDeRhCM8QD3S1jRCIZFeOo6RwW2tdGEQC/0iBcfq140UhVIOQ19Phkj15U9vJP7ltRMV7HspjXiiSIQnh4KEQZ141AnsUkGwYkNNEBZU/xXiPtI1KN2cqUuwrcreOPJv8llCo2Q5Zcs5tYvVIzBBHmyALbADHFABVXACaqAOMLgEN+AO3BtXxq3xYDxORnPGx846+Abj6R2D35w/</latexit>

⇢� / a�3
<latexit sha1_base64="GFqT2UzP24G70kDBiTI2eV7bWRo=">AAACAXicdVDLSgMxFM34rONr1I3gJlgEN5YZi9SNWHTjsoJ9QKcOmTRtQzOTkGSEMtSNn6IbF4q49QPcuxH/xnSq4PNA4HDOvdycEwpGlXbdN2ticmp6ZjY3Z88vLC4tOyurNcUTiUkVc8ZlI0SKMBqTqqaakYaQBEUhI/Wwfzzy6xdEKsrjMz0QpBWhbkw7FCNtpMBZ92WPB77oUegLyYXmEJ2nO8Vh4OS9gpsB/k/yh8/2gbh+tSuB8+K3OU4iEmvMkFJNzxW6lSKpKWZkaPuJIgLhPuqSpqExiohqpVmCIdwySht2uDQv1jBTv26kKFJqEIVmMkK6p356I/Evr5nozn4rpbFINInx+FAnYdDkHNUB21QSrNnAEIQlNX+FuIckwtqUZpsS3EJpL4v8m3yWUNsteMWCd+rmy0dgjBzYAJtgG3igBMrgBFRAFWBwCW7AHbi3rqxb68F6HI9OWB87a+AbrKd3ckiZ9w==</latexit>

⇢� = m2
��

2
<latexit sha1_base64="XTxKULW4V2um5zJrCbIBZQvzQnE=">AAACBHicdVDLSsNAFJ34rPEVddnNYBFchaQidVMsunFZwT6gqWEynTRDJw9mJkIJXbjxR1y4caGIW7fu3Yh/4zRR8Hngcg/n3MvMPV7CqJCW9abNzM7NLyyWlvTlldW1dWNjsy3ilGPSwjGLeddDgjAakZakkpFuwgkKPUY63uh46ncuCBc0js7kOCH9EA0j6lOMpJJco+zwIHadJKCwDsOcnFdh0VyjYptWDvg/qRw+6/Xk+lVvusaLM4hxGpJIYoaE6NlWIvsZ4pJiRia6kwqSIDxCQ9JTNEIhEf0sP2ICd5QygH7MVUUS5urXjQyFQoxDT02GSAbipzcV//J6qfQP+hmNklSSCBcP+SmDMobTROCAcoIlGyuCMKfqrxAHiCMsVW66CsEya/v5yb/JZwjtqmnvmfapVWkcgQIlUAbbYBfYoAYa4AQ0QQtgcAluwB241660W+1BeyxGZ7SPnS3wDdrTO5ljmoE=</latexit>

⇢� = constant
<latexit sha1_base64="6466wJ5OnKMyF5lvve0ILiBS2vQ=">AAACA3icdVA9SwNBEN3zM55fUTttFoNgFe4UiU0waGMZwXxALoS9zSZZsrd77M4J4QjY+EsEGwtFbK3tbcR/4yZR8PPBwOO9GWbmhbHgBjzvzZmanpmdm88suItLyyur2bX1qlGJpqxClVC6HhLDBJesAhwEq8eakSgUrBb2T0Z+7YJpw5U8h0HMmhHpSt7hlICVWtnNQPdUK4h7HBdxGugIUyUNEAnDVjbn570x8P8kd/TsFuPrV7fcyr4EbUWTiEmgghjT8L0YminRwKlgQzdIDIsJ7ZMua1gqScRMMx3/MMQ7VmnjjtK2JOCx+nUiJZExgyi0nRGBnvnpjcS/vEYCncNmymWcAJN0sqiTCAwKjwLBba4ZBTGwhFDN7a2Y9ogmFGxsrg3ByxcOxi//Jp8hVPfy/n7eP/NypWM0QQZtoW20i3xUQCV0isqogii6RDfoDt07V86t8+A8TlqnnI+ZDfQNztM7Id2a7g==</latexit>

⇢� = m2
��

2
<latexit sha1_base64="XTxKULW4V2um5zJrCbIBZQvzQnE=">AAACBHicdVDLSsNAFJ34rPEVddnNYBFchaQidVMsunFZwT6gqWEynTRDJw9mJkIJXbjxR1y4caGIW7fu3Yh/4zRR8Hngcg/n3MvMPV7CqJCW9abNzM7NLyyWlvTlldW1dWNjsy3ilGPSwjGLeddDgjAakZakkpFuwgkKPUY63uh46ncuCBc0js7kOCH9EA0j6lOMpJJco+zwIHadJKCwDsOcnFdh0VyjYptWDvg/qRw+6/Xk+lVvusaLM4hxGpJIYoaE6NlWIvsZ4pJiRia6kwqSIDxCQ9JTNEIhEf0sP2ICd5QygH7MVUUS5urXjQyFQoxDT02GSAbipzcV//J6qfQP+hmNklSSCBcP+SmDMobTROCAcoIlGyuCMKfqrxAHiCMsVW66CsEya/v5yb/JZwjtqmnvmfapVWkcgQIlUAbbYBfYoAYa4AQ0QQtgcAluwB241660W+1BeyxGZ7SPnS3wDdrTO5ljmoE=</latexit>

Except for long inflation:
P. Graham et al. 1805.07362
F. Takahashi et al. 1805.08763



__
__

__
_

Misalignment Mechanism: Axions

R. Co Michigan

vacuum potential

_____ 
< 

> E

T |

PQ |
|confinement

in the 
early universe

____<
θi

______> > 



Axion Misalignment Mechanism

⌦ah
2 ⇡ 0.11

✓
fa

5⇥ 1011GeV

◆1.184

F ⇥̄2
i

R. Co Michigan

θi
______> > 



108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018

10-1110-1010-910-810-710-610-510-410-310-2

fa (GeV)

ma (eV)

Axion Misalignment Mechanism

⌦ah
2 ⇡ 0.11

✓
fa

5⇥ 1011GeV

◆1.184

F ⇥̄2
i

__________________> 
R. Co Michigan

θi
______> > 

___________> 

requires
fine-tuning 

θi -> π

requires
fine-tuning 

θi -> 0
__



New Production Mechanisms

▪ Misalignment Mechanism 
– QCD axions:    misalignment driven to the hilltop/bottom

– QCD axions:    kinetic misalignment mechanism

▪ Exponential Particle Production
– QCD axions: parametric resonance

– Dark photons:  tachyonic instability

R. Co Michigan

arXiv:1812.11186, 1812.11192 RC, E. Gonzalez, K. Harigaya

arXiv:1910.14152 RC, L. Hall, K. Harigaya

arXiv:1810.07196 RC, A. Pierce, Z. Zhang, Y. Zhao

arXiv:1711.10486 RC, L. Hall, K. Harigaya

arXiv:2004.00629 RC, L. Hall, K. Harigaya, K. Olive, S. Verner



arXiv:2004.00629 RC, L. Hall, K. Harigaya, K. Olive, S. Verner

New Production Mechanisms

▪ Misalignment Mechanism 
– QCD axions:    misalignment driven to the hilltop/bottom

– QCD axions:    kinetic misalignment mechanism

▪ Exponential Particle Production
– QCD axions: parametric resonance

– Dark photons:  tachyonic instability

R. Co Michigan

arXiv:1812.11186, 1812.11192 RC, E. Gonzalez, K. Harigaya

arXiv:1910.14152 RC, L. Hall, K. Harigaya

arXiv:1810.07196  RC, A. Pierce, Z. Zhang, Y. Zhao

arXiv:1711.10486 RC, L. Hall, K. Harigaya

This talk

______ 

< 



Rotation

R. Co Michigan

Initial condition

axion

saxion

Initial condition
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Why Rotation?
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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

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



Asymmetry of PQ Charge

R. Co Michigan

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
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PQ Field Evolution
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Thermalization Redshift

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

(Misalignment + non-zero kinetic energy)

arXiv:1910.14152 RC, L. Hall, and K. Harigaya
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Kinetic Misalignment Mechanism

(Misalignment + non-zero kinetic energy)

arXiv:1910.14152 RC, L. Hall, and K. Harigaya



R. Co Michigan arXiv:1910.14152 RC, L. Hall, and K. Harigaya

Kinetic Misalignment Mechanism

delaying usual Tosc until KE = PE
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Kinetic Misalignment Mechanism
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Kinetic Misalignment Mechanism

Why such a large angular speed?
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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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Baryon Asymmetry
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For T > TEW ,
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For T < TEW , the baryon asymmetry is frozen

nB = cB ✓̇T
2

<latexit sha1_base64="rE+VgbYo8Krxp0V0FefGwFkn5M0=">AAACAnicdVDLSgMxFM34rONr1JW4CRbBVZmpSN0US924rNAXtLVk0rQNzWSG5I5QhuLGPxE3LhRx6969G/FvTFsFnwcSDufce5N7/EhwDa77Zs3Mzs0vLKaW7OWV1bV1Z2OzqsNYUVahoQhV3SeaCS5ZBTgIVo8UI4EvWM0fnIz92gVTmoeyDMOItQLSk7zLKQEjtZ1t2S7iPKbmbnZCSJrQZ0BG5fNs20l7GXcC/D9JHz/b+ej61S61nRczgcYBk0AF0brhuRG0EqKAU8FGdjPWLCJ0QHqsYagkAdOtZLLCCO8ZpYO7oTJHAp6oXzsSEmg9DHxTGRDo65/eWPzLa8TQPWolXEYxMEmnD3VjgSHE4zxwhytGQQwNIVRx81dM+0QRCiY124TgZnKHk5V/k88QqtmMd5Dxztx0oYimSKEdtIv2kYdyqIBOUQlVEEWX6AbdoXvryrq1HqzHaemM9dGzhb7BenoHCiCZqg==</latexit>

cB ' 0.1� 0.15 cW
<latexit sha1_base64="FuEqkrkdVku3P4e4lou1Pv44bhM=">AAACBXicdVC7SgNBFJ31GdfXqqUWg0Gw0GVXCbERQ2wsI5gHZJdldjKbDJl9ODMrhCWNjR9iY2OhiK2lvY34N042Cj4P3MvhnHuZucdPGBXSst60icmp6ZnZwpw+v7C4tGysrDZEnHJM6jhmMW/5SBBGI1KXVDLSSjhBoc9I0+8fj/zmBeGCxtGZHCTEDVE3ogHFSCrJMzawV4WOoCE5h5Zpw91RL0FnB2Kv6RlF27RywP9J8ehZP0yuX/WaZ7w4nRinIYkkZkiItm0l0s0QlxQzMtSdVJAE4T7qkraiEQqJcLP8iiHcUkoHBjFXFUmYq183MhQKMQh9NRki2RM/vZH4l9dOZXDgZjRKUkkiPH4oSBmUMRxFAjuUEyzZQBGEOVV/hbiHOMJSBaerECyzXMpP/k0+Q2jsmfa+aZ9axUoVjFEA62ATbAMblEEFnIAaqAMMLsENuAP32pV2qz1oj+PRCe1jZw18g/b0Dp01mIc=</latexit>

nPQ nq nB_________ <QCD EW

chiral asymmetry baryon asymmetry

_________ <

PQ asymmetry

___________________________ <Weak anomaly
Sphaleron processes

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



Baryon Asymmetry

R. Co Michigan

At T < TEW , the baryon asymmetry is frozen

Baryon asymmetry fixes rotational speed
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▪ QCD axion
(0) Misalignment mechanism

(1) Parametric resonance

(2) - Kinetic misalignment mechanism

- Axiogenesis
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< 
fa ~ 106 GeV - hadronic axion window?

It seems to have been closed.

PRL 124, 111602 (2020) RC and K. Harigaya
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J. H. Chang, R. Essig, and S. D. McDermott 2018
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< 
TEW ~ TeV ?

New physics at colliders!

PRL 124, 111602 (2020) RC and K. Harigaya
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< 
CB ~ 100 so CW ~ 1000 ?
Kim-Nilles-Peloso mechanism (clockwork axions)!

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

cB ' 0.1� 0.15 cW
<latexit sha1_base64="FuEqkrkdVku3P4e4lou1Pv44bhM=">AAACBXicdVC7SgNBFJ31GdfXqqUWg0Gw0GVXCbERQ2wsI5gHZJdldjKbDJl9ODMrhCWNjR9iY2OhiK2lvY34N042Cj4P3MvhnHuZucdPGBXSst60icmp6ZnZwpw+v7C4tGysrDZEnHJM6jhmMW/5SBBGI1KXVDLSSjhBoc9I0+8fj/zmBeGCxtGZHCTEDVE3ogHFSCrJMzawV4WOoCE5h5Zpw91RL0FnB2Kv6RlF27RywP9J8ehZP0yuX/WaZ7w4nRinIYkkZkiItm0l0s0QlxQzMtSdVJAE4T7qkraiEQqJcLP8iiHcUkoHBjFXFUmYq183MhQKMQh9NRki2RM/vZH4l9dOZXDgZjRKUkkiPH4oSBmUMRxFAjuUEyzZQBGEOVV/hbiHOMJSBaerECyzXMpP/k0+Q2jsmfa+aZ9axUoVjFEA62ATbAMblEEFnIAaqAMMLsENuAP32pV2qz1oj+PRCe1jZw18g/b0Dp01mIc=</latexit>

Kim, Nilles and Peloso 2004
Harigaya and Ibe 2014
Choi, Kim and Yun 2014
Choi and Im 2015
Kaplan and Rattazzi 2015
Farina, Pappadopulo, Rompineve and Tesi 2016

see 
talk

see 
talk see talk

see talk



Axiogenesis + Kinetic Misalignment

R. Co Michigan

10-3 10-2 10-1 1 10 102 103 104 105 106 107 108 109 1010

108

109

1010

mS (GeV)

f a
(G
eV

)

Axion dark matter overproduced

� = 10

� = 1

SN1987A
(saxion)

SN1987A
(axion)

Y
B < 10 -10

� = 1

� = 10

�T
th =
10 6

G
eV

�T
th =
10 3

G
eV

� =
1

� =
1

� =
10

� =
10

m
S
>
V P
Q

⌦ah2

⌦DMh2
' 140

✓
fa

108 GeV

◆✓
130 GeV

TEW

◆2 ✓0.1

cB

◆

<latexit sha1_base64="qUwVtI1Nk1r6UK03XWUw+YCQtJk="></latexit>

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

Tth = thermalization temperature of saxions
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Conclusions
ü Axiogenesis 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 TeV-scale new particles
ü dark matter ultracompact minihalos

ü New model building opportunities 
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Thank you!

Happy birthday to Horst Störmer!
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