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Axions behave exactly like Cold Dark Matter (CDM)*

Large Misalignment for Compact Axion Structures

*except under certain conditions, on some length scales, and at times when they do not

Symmetry breaking after inflation:

Symmetry breaking before inflation, small misalignment:

Symmetry breaking before inflation, large misalignment: 

density fluctuations suppressed below Jeans scale  

isocurvature fluctuations       axion strings & miniclusters

density fluctuations enhanced for semi-relativistic modes when the axion starts oscillating

V = �ma(T )
2f2

a cos
a

fa
<latexit sha1_base64="wyRguDtbD0/3JkEKti+lqX+DMIU=">AAACEHicbZDLSgMxFIYzXmu9jbp0EyxiXVhmiqAboeCmywq9QWcczqSZNjRzIckIZZhHcOOruHGhiFuX7nwb08tCWw8kfPz/OSTn9xPOpLKsb2NldW19Y7OwVdze2d3bNw8O2zJOBaEtEvNYdH2QlLOIthRTnHYTQSH0Oe34o9uJ33mgQrI4aqpxQt0QBhELGAGlJc88a+MbfIFDD8rN8/sqDjzQt0NiiZ1AAMkgz7SWe2bJqljTwstgz6GE5tXwzC+nH5M0pJEiHKTs2Vai3AyEYoTTvOikkiZARjCgPY0RhFS62XShHJ9qpY+DWOgTKTxVf09kEEo5Dn3dGYIaykVvIv7n9VIVXLsZi5JU0YjMHgpSjlWMJ+ngPhOUKD7WAEQw/VdMhqBzUDrDog7BXlx5GdrViq357rJUq8/jKKBjdILKyEZXqIbqqIFaiKBH9Ixe0ZvxZLwY78bHrHXFmM8coT9lfP4ALfKa3w==</latexit><latexit sha1_base64="wyRguDtbD0/3JkEKti+lqX+DMIU=">AAACEHicbZDLSgMxFIYzXmu9jbp0EyxiXVhmiqAboeCmywq9QWcczqSZNjRzIckIZZhHcOOruHGhiFuX7nwb08tCWw8kfPz/OSTn9xPOpLKsb2NldW19Y7OwVdze2d3bNw8O2zJOBaEtEvNYdH2QlLOIthRTnHYTQSH0Oe34o9uJ33mgQrI4aqpxQt0QBhELGAGlJc88a+MbfIFDD8rN8/sqDjzQt0NiiZ1AAMkgz7SWe2bJqljTwstgz6GE5tXwzC+nH5M0pJEiHKTs2Vai3AyEYoTTvOikkiZARjCgPY0RhFS62XShHJ9qpY+DWOgTKTxVf09kEEo5Dn3dGYIaykVvIv7n9VIVXLsZi5JU0YjMHgpSjlWMJ+ngPhOUKD7WAEQw/VdMhqBzUDrDog7BXlx5GdrViq357rJUq8/jKKBjdILKyEZXqIbqqIFaiKBH9Ixe0ZvxZLwY78bHrHXFmM8coT9lfP4ALfKa3w==</latexit><latexit sha1_base64="wyRguDtbD0/3JkEKti+lqX+DMIU=">AAACEHicbZDLSgMxFIYzXmu9jbp0EyxiXVhmiqAboeCmywq9QWcczqSZNjRzIckIZZhHcOOruHGhiFuX7nwb08tCWw8kfPz/OSTn9xPOpLKsb2NldW19Y7OwVdze2d3bNw8O2zJOBaEtEvNYdH2QlLOIthRTnHYTQSH0Oe34o9uJ33mgQrI4aqpxQt0QBhELGAGlJc88a+MbfIFDD8rN8/sqDjzQt0NiiZ1AAMkgz7SWe2bJqljTwstgz6GE5tXwzC+nH5M0pJEiHKTs2Vai3AyEYoTTvOikkiZARjCgPY0RhFS62XShHJ9qpY+DWOgTKTxVf09kEEo5Dn3dGYIaykVvIv7n9VIVXLsZi5JU0YjMHgpSjlWMJ+ngPhOUKD7WAEQw/VdMhqBzUDrDog7BXlx5GdrViq357rJUq8/jKKBjdILKyEZXqIbqqIFaiKBH9Ixe0ZvxZLwY78bHrHXFmM8coT9lfP4ALfKa3w==</latexit><latexit sha1_base64="wyRguDtbD0/3JkEKti+lqX+DMIU=">AAACEHicbZDLSgMxFIYzXmu9jbp0EyxiXVhmiqAboeCmywq9QWcczqSZNjRzIckIZZhHcOOruHGhiFuX7nwb08tCWw8kfPz/OSTn9xPOpLKsb2NldW19Y7OwVdze2d3bNw8O2zJOBaEtEvNYdH2QlLOIthRTnHYTQSH0Oe34o9uJ33mgQrI4aqpxQt0QBhELGAGlJc88a+MbfIFDD8rN8/sqDjzQt0NiiZ1AAMkgz7SWe2bJqljTwstgz6GE5tXwzC+nH5M0pJEiHKTs2Vai3AyEYoTTvOikkiZARjCgPY0RhFS62XShHJ9qpY+DWOgTKTxVf09kEEo5Dn3dGYIaykVvIv7n9VIVXLsZi5JU0YjMHgpSjlWMJ+ngPhOUKD7WAEQw/VdMhqBzUDrDog7BXlx5GdrViq357rJUq8/jKKBjdILKyEZXqIbqqIFaiKBH9Ixe0ZvxZLwY78bHrHXFmM8coT9lfP4ALfKa3w==</latexit>

V = �m2f2 cos
�

f
<latexit sha1_base64="5sfQ9K//9dhKgW4+9uOKlNqL4co=">AAACCnicbZC7SgNBFIZn4y3G26qlzWgQbAy7QdBGCNikjGAukF3D7GQ2GTKXZWZWCMvWNr6KjYUitj6BnW/j5FJo4g8HPv5zDjPnjxJGtfG8b6ewsrq2vlHcLG1t7+zuufsHLS1ThUkTSyZVJ0KaMCpI01DDSCdRBPGIkXY0upn02w9EaSrFnRknJORoIGhMMTLW6rnHLXgNzyG/r8LYVoClhkGsEM6CZEjzLM57btmreFPBZfDnUAZzNXruV9CXOOVEGMyQ1l3fS0yYIWUoZiQvBakmCcIjNCBdiwJxosNsekoOT63Th7FUtoSBU/f3Roa41mMe2UmOzFAv9ibmf71uauKrMKMiSQ0RePZQnDJoJJzkAvtUEWzY2ALCitq/QjxENghj0yvZEPzFk5ehVa34lm8vyrX6PI4iOAIn4Az44BLUQB00QBNg8AiewSt4c56cF+fd+ZiNFpz5ziH4I+fzB44ImPo=</latexit><latexit sha1_base64="5sfQ9K//9dhKgW4+9uOKlNqL4co=">AAACCnicbZC7SgNBFIZn4y3G26qlzWgQbAy7QdBGCNikjGAukF3D7GQ2GTKXZWZWCMvWNr6KjYUitj6BnW/j5FJo4g8HPv5zDjPnjxJGtfG8b6ewsrq2vlHcLG1t7+zuufsHLS1ThUkTSyZVJ0KaMCpI01DDSCdRBPGIkXY0upn02w9EaSrFnRknJORoIGhMMTLW6rnHLXgNzyG/r8LYVoClhkGsEM6CZEjzLM57btmreFPBZfDnUAZzNXruV9CXOOVEGMyQ1l3fS0yYIWUoZiQvBakmCcIjNCBdiwJxosNsekoOT63Th7FUtoSBU/f3Roa41mMe2UmOzFAv9ibmf71uauKrMKMiSQ0RePZQnDJoJJzkAvtUEWzY2ALCitq/QjxENghj0yvZEPzFk5ehVa34lm8vyrX6PI4iOAIn4Az44BLUQB00QBNg8AiewSt4c56cF+fd+ZiNFpz5ziH4I+fzB44ImPo=</latexit><latexit sha1_base64="5sfQ9K//9dhKgW4+9uOKlNqL4co=">AAACCnicbZC7SgNBFIZn4y3G26qlzWgQbAy7QdBGCNikjGAukF3D7GQ2GTKXZWZWCMvWNr6KjYUitj6BnW/j5FJo4g8HPv5zDjPnjxJGtfG8b6ewsrq2vlHcLG1t7+zuufsHLS1ThUkTSyZVJ0KaMCpI01DDSCdRBPGIkXY0upn02w9EaSrFnRknJORoIGhMMTLW6rnHLXgNzyG/r8LYVoClhkGsEM6CZEjzLM57btmreFPBZfDnUAZzNXruV9CXOOVEGMyQ1l3fS0yYIWUoZiQvBakmCcIjNCBdiwJxosNsekoOT63Th7FUtoSBU/f3Roa41mMe2UmOzFAv9ibmf71uauKrMKMiSQ0RePZQnDJoJJzkAvtUEWzY2ALCitq/QjxENghj0yvZEPzFk5ehVa34lm8vyrX6PI4iOAIn4Az44BLUQB00QBNg8AiewSt4c56cF+fd+ZiNFpz5ziH4I+fzB44ImPo=</latexit><latexit sha1_base64="5sfQ9K//9dhKgW4+9uOKlNqL4co=">AAACCnicbZC7SgNBFIZn4y3G26qlzWgQbAy7QdBGCNikjGAukF3D7GQ2GTKXZWZWCMvWNr6KjYUitj6BnW/j5FJo4g8HPv5zDjPnjxJGtfG8b6ewsrq2vlHcLG1t7+zuufsHLS1ThUkTSyZVJ0KaMCpI01DDSCdRBPGIkXY0upn02w9EaSrFnRknJORoIGhMMTLW6rnHLXgNzyG/r8LYVoClhkGsEM6CZEjzLM57btmreFPBZfDnUAZzNXruV9CXOOVEGMyQ1l3fS0yYIWUoZiQvBakmCcIjNCBdiwJxosNsekoOT63Th7FUtoSBU/f3Roa41mMe2UmOzFAv9ibmf71uauKrMKMiSQ0RePZQnDJoJJzkAvtUEWzY2ALCitq/QjxENghj0yvZEPzFk5ehVa34lm8vyrX6PI4iOAIn4Az44BLUQB00QBNg8AiewSt4c56cF+fd+ZiNFpz5ziH4I+fzB44ImPo=</latexit>

V = �m2
⇡f

2
⇡

s

1� 4mumd

(mu +md)2
sin2

✓
a

2fa

◆

<latexit sha1_base64="TWaVoZSc1zNjGI8UhtZ+1L6mRls="></latexit><latexit sha1_base64="TWaVoZSc1zNjGI8UhtZ+1L6mRls="></latexit><latexit sha1_base64="TWaVoZSc1zNjGI8UhtZ+1L6mRls="></latexit><latexit sha1_base64="TWaVoZSc1zNjGI8UhtZ+1L6mRls="></latexit>

V =
m2f2

2

�2

f2 + �2
<latexit sha1_base64="Oa9xdgsj8cIim35A+OCw+2utXhY=">AAACGnicbZBNS8MwGMfT+TbnW9Wjl+AQBGG0Q9CLMPCy4wT3Ams30izdwpK0JKkwSj+HF7+KFw+KeBMvfhvTrQfd/EPgn9/zPCTPP4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edVSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINprd5vftApKKRuNezmPgcjQUNKUbaoKHtduAN9EKJcMoHdRgO6llazwrixROaA0PhBSxuQ7vq1Jy54KpxC1MFhVpD+9MbRTjhRGjMkFJ914m1nyKpKWYkq3iJIjHCUzQmfWMF4kT56Xy1DJ4ZMoJhJM0RGs7p74kUcaVmPDCdHOmJWq7l8L9aP9HhtZ9SESeaCLx4KEwY1BHMc4IjKgnWbGYMwpKav0I8QSYVbdKsmBDc5ZVXTadec42/u6w2mkUcZXACTsE5cMEVaIAmaIE2wOARPINX8GY9WS/Wu/WxaC1Zxcwx+CPr6weXop9e</latexit><latexit sha1_base64="Oa9xdgsj8cIim35A+OCw+2utXhY=">AAACGnicbZBNS8MwGMfT+TbnW9Wjl+AQBGG0Q9CLMPCy4wT3Ams30izdwpK0JKkwSj+HF7+KFw+KeBMvfhvTrQfd/EPgn9/zPCTPP4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edVSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINprd5vftApKKRuNezmPgcjQUNKUbaoKHtduAN9EKJcMoHdRgO6llazwrixROaA0PhBSxuQ7vq1Jy54KpxC1MFhVpD+9MbRTjhRGjMkFJ914m1nyKpKWYkq3iJIjHCUzQmfWMF4kT56Xy1DJ4ZMoJhJM0RGs7p74kUcaVmPDCdHOmJWq7l8L9aP9HhtZ9SESeaCLx4KEwY1BHMc4IjKgnWbGYMwpKav0I8QSYVbdKsmBDc5ZVXTadec42/u6w2mkUcZXACTsE5cMEVaIAmaIE2wOARPINX8GY9WS/Wu/WxaC1Zxcwx+CPr6weXop9e</latexit><latexit sha1_base64="Oa9xdgsj8cIim35A+OCw+2utXhY=">AAACGnicbZBNS8MwGMfT+TbnW9Wjl+AQBGG0Q9CLMPCy4wT3Ams30izdwpK0JKkwSj+HF7+KFw+KeBMvfhvTrQfd/EPgn9/zPCTPP4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edVSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINprd5vftApKKRuNezmPgcjQUNKUbaoKHtduAN9EKJcMoHdRgO6llazwrixROaA0PhBSxuQ7vq1Jy54KpxC1MFhVpD+9MbRTjhRGjMkFJ914m1nyKpKWYkq3iJIjHCUzQmfWMF4kT56Xy1DJ4ZMoJhJM0RGs7p74kUcaVmPDCdHOmJWq7l8L9aP9HhtZ9SESeaCLx4KEwY1BHMc4IjKgnWbGYMwpKav0I8QSYVbdKsmBDc5ZVXTadec42/u6w2mkUcZXACTsE5cMEVaIAmaIE2wOARPINX8GY9WS/Wu/WxaC1Zxcwx+CPr6weXop9e</latexit><latexit sha1_base64="Oa9xdgsj8cIim35A+OCw+2utXhY=">AAACGnicbZBNS8MwGMfT+TbnW9Wjl+AQBGG0Q9CLMPCy4wT3Ams30izdwpK0JKkwSj+HF7+KFw+KeBMvfhvTrQfd/EPgn9/zPCTPP4gZVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edVSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINprd5vftApKKRuNezmPgcjQUNKUbaoKHtduAN9EKJcMoHdRgO6llazwrixROaA0PhBSxuQ7vq1Jy54KpxC1MFhVpD+9MbRTjhRGjMkFJ914m1nyKpKWYkq3iJIjHCUzQmfWMF4kT56Xy1DJ4ZMoJhJM0RGs7p74kUcaVmPDCdHOmJWq7l8L9aP9HhtZ9SESeaCLx4KEwY1BHMc4IjKgnWbGYMwpKav0I8QSYVbdKsmBDc5ZVXTadec42/u6w2mkUcZXACTsE5cMEVaIAmaIE2wOARPINX8GY9WS/Wu/WxaC1Zxcwx+CPr6weXop9e</latexit>

cosine modulus QCD axion

[Malte’s talk]



Axions behave exactly like Cold Dark Matter (CDM)*

Large Misalignment for Compact Axion Structures

Symmetry breaking after inflation:

Symmetry breaking before inflation, small misalignment:

Symmetry breaking before inflation, large misalignment: 

density fluctuations suppressed below Jeans scale  

isocurvature fluctuations       axion strings & miniclusters

density fluctuations enhanced for semi-relativistic modes when the axion starts oscillating
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*except under certain conditions, on some length scales, and at times when they do not

[Malte’s talk]



Large Misalignment Mechanism
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2. density fluctuations have negative sound speed

3. parametric resonance for field fluctuations
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3 ways to understand enhancement of structure formation:

nonrelativistic mode semi-relativistic mode ultra-relativistic mode

enters horizon when  
nonlinearities are small

frequency mismatch;  
curvature fluctuation damped 

frequency match;  
nonlinearity > friction
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Compact Axion Structures

dense axion minihalos solitons oscillons



Observable Signatures



Linear Evolution in Time

small misalignment large misalignment



Linear Evolution in Time



Linear Evolution versus Misalignment



Linear Evolution versus Misalignment



Dense Axion Halos & Solitons



QCD Axion



Gravitational Interactions



Direct Detection
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Direct Detection
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Oscillon Production Gravitational Waves
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V (⇥) / (1� cos(⇥)) V (⇥) / ⇥2

2 +⇥2

Initial Conditions

2. environmental selection on DM abundance 3. large misalignment in other potentials:

1. inflationary dynamics for |⇥0| ' ⇡
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Summary
If the onset of axion oscillations is delayed such that  

nonlinearities > Hubble friction, i.e.                 ,
then semi-relativistic fluctuations grow exponentially to form compact axion structures

⇥̄2 & 4m

H
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Open Questions: 1. Nonlinear simulations: 
— tidal stripping 
— gravitational cooling 
— oscillon dynamics 
— GW production

2. Impact on direct detection

3. Star formation & re-ionization history

4. Analytic estimates of oscillon lifetime



Backup



Parametric resonance



Press-Schechter



Condition for Oscillon Formation

tm,0 = 20

tm,0 = 30

tm,0 = 40

tm,0 = 50

tm,0 = 60

tm,0 = 70

tm,0 = 80

tm,0 = 90

d = 3+1
d = 0+1

0.5 1 5 10

0.005

0.010

0.050

0.100

0.500

Rm,0

�
0

Critical overdensity for oscillon formation, �0 = 1


