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Motivations: CP violation in QCD

1/11



QCD vacuum structure generates 
a CP violating term

The strong CP problem 

Theory  
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Consider the matter fields (quarks) 
and find physical CPV source 
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QCD vacuum structure generates 
a CP violating term

The strong CP problem 

Theory  

Observations  
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Consider the matter fields (quarks) 
and find physical CPV source 

✓̄ = ✓ + ✓q
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Motivations: QCD Axion

Peccei-Quinn solution
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Peccei-Quinn solution Vafa-Witten theorem + dynamical 
relaxation

Va ' �⇤4
QCD cos

✓
a

fa

◆

<latexit sha1_base64="+Q/0sYL0DhEHNLKBIt9yj+qjogI="></latexit>

✓̄ ! ✓̄(x) = a(x)/fa
<latexit sha1_base64="Y9bO6J7DW6sy9TDFElFt8PpCvz4=">AAACGHicbVDJSgNBEO1xjXEb9ehlMAjxksxEQS9C0IvHCGaBTAg1nZ6kSc9Cd40ahnyGF3/FiwdFvObm39hZDjHxQRWP96rorufFgiu07R9jZXVtfWMzs5Xd3tnd2zcPDmsqSiRlVRqJSDY8UEzwkFWRo2CNWDIIPMHqXv927NcfmVQ8Ch9wELNWAN2Q+5wCaqltFl0PZOpijyEMXcm7PQQpo6d5Of98dg26Ff02tM2cXbAnsJaJMyM5MkOlbY7cTkSTgIVIBSjVdOwYWylI5FSwYdZNFIuB9qHLmpqGEDDVSieHDa1TrXQsP5K6QrQm6vxGCoFSg8DTkwFgTy16Y/E/r5mgf9VKeRgnyEI6fchPhIWRNU7J6nDJKIqBJkAl13+1aA8kUNRZZnUIzuLJy6RWKjjnhdL9Ra58M4sjQ47JCckTh1ySMrkjFVIllLyQN/JBPo1X4934Mr6noyvGbOeI/IEx+gWIV6Cl</latexit>
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‣ Assume an abelian global symmetry, 
spontaneous breaking at large temperature  

Peccei-Quinn solution Vafa-Witten theorem + dynamical 
relaxation
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Axion field generation
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T
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‣ Assume an abelian global symmetry, 
spontaneous breaking at large temperature  

‣ Axion appears as Goldstone boson, but 
symmetry is anomalous. Axion potential is 
generated at QCD era due to explicit breaking 

Peccei-Quinn solution Vafa-Witten theorem + dynamical 
relaxation

fa
<latexit sha1_base64="nLdPgrjsUjNVoiSQGcmJqZmUMFU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFY0X5AG8pku2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nirImjUWsOgFqJrhkTcONYJ1EMYwCwdrB+Hbmt5+Y0jyWj2aSMD/CoeQhp2is9BD2sV+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfjY/dUrOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmf1NBlwxasTEEqSK21sJHaFCamw6JRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmkBhCM/wCm+OcF6cd+dj0Vpw8plj+APn8wc5Ho2+</latexit>
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Axion field generation

Strong CP solution
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<latexit sha1_base64="1NLwg+R+0h7RwtgoGfJVMtoa6JM=">AAACDXicbVC7TsMwFHV4U14FRhaLgsRUklIJxgoYGBhaiT6kpo1uXKe1aifBdpCqqD/Awq+wMIAQKzsbf4P7GKDlSJaOzrlH1/f4MWdK2/a3tbC4tLyyurae2djc2t7J7u7VVJRIQqsk4pFs+KAoZyGtaqY5bcSSgvA5rfv9q5Fff6BSsSi804OYtgR0QxYwAtpIXvZIeNAuuIoJeu/emlwH2kUvdaXAlavr4WnQLnjgZXN23h4DzxNnSnJoirKX/XI7EUkEDTXhoFTTsWPdSkFqRjgdZtxE0RhIH7q0aWgIgqpWOr5miI+N0sFBJM0LNR6rvxMpCKUGwjeTAnRPzXoj8T+vmejgopWyME40DclkUZBwrCM8qgZ3mKRE84EhQCQzf8WkBxKINgVmTAnO7MnzpFbIO2f5QqWYK11O61hDB+gQnSAHnaMSukFlVEUEPaJn9IrerCfrxXq3PiajC9Y0s4/+wPr8ARn4mu0=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>
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‣ Assume an abelian global symmetry, 
spontaneous breaking at large temperature  

‣ Axion appears as Goldstone boson, but 
symmetry is anomalous. Axion potential is 
generated at QCD era due to explicit breaking 

‣ Oscillations around potential behave as NR 
condensate

Peccei-Quinn solution Vafa-Witten theorem + dynamical 
relaxation

fa
<latexit sha1_base64="nLdPgrjsUjNVoiSQGcmJqZmUMFU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFY0X5AG8pku2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nirImjUWsOgFqJrhkTcONYJ1EMYwCwdrB+Hbmt5+Y0jyWj2aSMD/CoeQhp2is9BD2sV+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfjY/dUrOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmf1NBlwxasTEEqSK21sJHaFCamw6JRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmkBhCM/wCm+OcF6cd+dj0Vpw8plj+APn8wc5Ho2+</latexit>
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<latexit sha1_base64="JYdhUEF3YOizJpeodTa8U7zgXNQ=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsxUQVdSqAsXLlqwD+gMQyaTtqFJZkgyShn7KW5cKOLWL3Hn35i2s9DWA4HDOedyb06YMKq043xbhbX1jc2t4nZpZ3dv/8AuH3ZUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDceNmd99IFLRWNzrSUJ8joaCDihG2kiBXfbuTDhCQeZJDluNm2lgV5yqMwdcJW5OKiBHM7C/vCjGKSdCY4aU6rtOov0MSU0xI9OSlyqSIDxGQ9I3VCBOlJ/NT5/CU6NEcBBL84SGc/X3RIa4UhMemiRHeqSWvZn4n9dP9eDKz6hIUk0EXiwapAzqGM56gBGVBGs2MQRhSc2tEI+QRFibtkqmBHf5y6ukU6u659Va66JSv87rKIJjcALOgAsuQR3cgiZoAwwewTN4BW/Wk/VivVsfi2jBymeOwB9Ynz993JN8</latexit>

Axion field generation

Strong CP solution

Dark Matter candidate

Va ' �⇤4
QCD cos

✓
a

fa

◆

<latexit sha1_base64="+Q/0sYL0DhEHNLKBIt9yj+qjogI="></latexit>

✓̄ ! ✓̄(x) = a(x)/fa
<latexit sha1_base64="Y9bO6J7DW6sy9TDFElFt8PpCvz4=">AAACGHicbVDJSgNBEO1xjXEb9ehlMAjxksxEQS9C0IvHCGaBTAg1nZ6kSc9Cd40ahnyGF3/FiwdFvObm39hZDjHxQRWP96rorufFgiu07R9jZXVtfWMzs5Xd3tnd2zcPDmsqSiRlVRqJSDY8UEzwkFWRo2CNWDIIPMHqXv927NcfmVQ8Ch9wELNWAN2Q+5wCaqltFl0PZOpijyEMXcm7PQQpo6d5Of98dg26Ff02tM2cXbAnsJaJMyM5MkOlbY7cTkSTgIVIBSjVdOwYWylI5FSwYdZNFIuB9qHLmpqGEDDVSieHDa1TrXQsP5K6QrQm6vxGCoFSg8DTkwFgTy16Y/E/r5mgf9VKeRgnyEI6fchPhIWRNU7J6nDJKIqBJkAl13+1aA8kUNRZZnUIzuLJy6RWKjjnhdL9Ra58M4sjQ47JCckTh1ySMrkjFVIllLyQN/JBPo1X4934Mr6noyvGbOeI/IEx+gWIV6Cl</latexit>

m2
a ' ⇤4

QCD/f
2
a

<latexit sha1_base64="1NLwg+R+0h7RwtgoGfJVMtoa6JM=">AAACDXicbVC7TsMwFHV4U14FRhaLgsRUklIJxgoYGBhaiT6kpo1uXKe1aifBdpCqqD/Awq+wMIAQKzsbf4P7GKDlSJaOzrlH1/f4MWdK2/a3tbC4tLyyurae2djc2t7J7u7VVJRIQqsk4pFs+KAoZyGtaqY5bcSSgvA5rfv9q5Fff6BSsSi804OYtgR0QxYwAtpIXvZIeNAuuIoJeu/emlwH2kUvdaXAlavr4WnQLnjgZXN23h4DzxNnSnJoirKX/XI7EUkEDTXhoFTTsWPdSkFqRjgdZtxE0RhIH7q0aWgIgqpWOr5miI+N0sFBJM0LNR6rvxMpCKUGwjeTAnRPzXoj8T+vmejgopWyME40DclkUZBwrCM8qgZ3mKRE84EhQCQzf8WkBxKINgVmTAnO7MnzpFbIO2f5QqWYK11O61hDB+gQnSAHnaMSukFlVEUEPaJn9IrerCfrxXq3PiajC9Y0s4/+wPr8ARn4mu0=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>
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fa
<latexit sha1_base64="nLdPgrjsUjNVoiSQGcmJqZmUMFU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFY0X5AG8pku2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nirImjUWsOgFqJrhkTcONYJ1EMYwCwdrB+Hbmt5+Y0jyWj2aSMD/CoeQhp2is9BD2sV+uuFV3DrJKvJxUIEejX/7qDWKaRkwaKlDrrucmxs9QGU4Fm5Z6qWYJ0jEOWddSiRHTfjY/dUrOrDIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwms/4zJJDZN0sShMBTExmf1NBlwxasTEEqSK21sJHaFCamw6JRuCt/zyKmnVqt5FtXZ/Wanf5HEU4QRO4Rw8uII63EEDmkBhCM/wCm+OcF6cd+dj0Vpw8plj+APn8wc5Ho2+</latexit>

⇤QCD
<latexit sha1_base64="JYdhUEF3YOizJpeodTa8U7zgXNQ=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsxUQVdSqAsXLlqwD+gMQyaTtqFJZkgyShn7KW5cKOLWL3Hn35i2s9DWA4HDOedyb06YMKq043xbhbX1jc2t4nZpZ3dv/8AuH3ZUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDceNmd99IFLRWNzrSUJ8joaCDihG2kiBXfbuTDhCQeZJDluNm2lgV5yqMwdcJW5OKiBHM7C/vCjGKSdCY4aU6rtOov0MSU0xI9OSlyqSIDxGQ9I3VCBOlJ/NT5/CU6NEcBBL84SGc/X3RIa4UhMemiRHeqSWvZn4n9dP9eDKz6hIUk0EXiwapAzqGM56gBGVBGs2MQRhSc2tEI+QRFibtkqmBHf5y6ukU6u659Va66JSv87rKIJjcALOgAsuQR3cgiZoAwwewTN4BW/Wk/VivVsfi2jBymeOwB9Ynz993JN8</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

Axion field generation

Strong CP solution

Dark Matter candidate

Inflation?

Motivations: QCD Axion
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Relic density just depends on single 
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<latexit sha1_base64="+znnFtMU8IAlapopV/OQZncQNfc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEjpJAI</latexit>

value Multiple ✓i
<latexit sha1_base64="+znnFtMU8IAlapopV/OQZncQNfc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEjpJAI</latexit>

values 

Time Time

Axion 
mass

✓i =
q

h✓2i i =
⇡p
3

<latexit sha1_base64="jKHUodoJdzqw6rCNGeWuNnG1+nQ="></latexit>
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<latexit sha1_base64="+znnFtMU8IAlapopV/OQZncQNfc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEjpJAI</latexit>

value Multiple ✓i
<latexit sha1_base64="+znnFtMU8IAlapopV/OQZncQNfc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEjpJAI</latexit>

values 
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<latexit sha1_base64="jKHUodoJdzqw6rCNGeWuNnG1+nQ="></latexit>
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<latexit sha1_base64="+znnFtMU8IAlapopV/OQZncQNfc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEjpJAI</latexit>

value Multiple ✓i
<latexit sha1_base64="+znnFtMU8IAlapopV/OQZncQNfc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEjpJAI</latexit>
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<latexit sha1_base64="jKHUodoJdzqw6rCNGeWuNnG1+nQ="></latexit>

T

‣ Axion strings form due to 
spontaneous breaking 

‣ Domain walls form due to explicit 
breaking 

‣Miniclusters form due  
fluctuations in energy 

𝒪(1)

Topological defects and 
Axion miniclusters 

Hiramatsu et al. [1012.5502] [1012.4558] [1202.5851] 
Fleury, Moore [1509.00026] 
Klaer, Moore [1707.05566] [1708.07521] 
Gorghetto et al. [1806.04677] [2007.04990] 
Vaquero et al. [1809.09241] 
Buschmann et al. [1906.00967] [2108.05368] 
Hindmarsh et al. [1908.03522] [2102.07723]
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<latexit sha1_base64="+znnFtMU8IAlapopV/OQZncQNfc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEjpJAI</latexit>

value Multiple ✓i
<latexit sha1_base64="+znnFtMU8IAlapopV/OQZncQNfc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEjpJAI</latexit>

values 
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Axion 
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<latexit sha1_base64="jKHUodoJdzqw6rCNGeWuNnG1+nQ="></latexit>

T

Dark matter production starts when 
the mass becomes comparable to 
Hubble horizon

ma(t) ⇠ H(t)
<latexit sha1_base64="RPOjLLYZUhg4OIUiVtEmxczLwoc=">AAAB+HicbZDLSsNAFIYn9VbrpVGXbgaLUDclqYIui266rGAv0IYwmU7aoTNJmDkRauiTuHGhiFsfxZ1v47TNQlt/GPj4zzmcM3+QCK7Bcb6twsbm1vZOcbe0t39wWLaPjjs6ThVlbRqLWPUCopngEWsDB8F6iWJEBoJ1g8ndvN59ZErzOHqAacI8SUYRDzklYCzfLkufVOFioLnETQO+XXFqzkJ4HdwcKihXy7e/BsOYppJFQAXRuu86CXgZUcCpYLPSINUsIXRCRqxvMCKSaS9bHD7D58YZ4jBW5kWAF+7viYxIracyMJ2SwFiv1ubmf7V+CuGNl/EoSYFFdLkoTAWGGM9TwEOuGAUxNUCo4uZWTMdEEQomq5IJwV398jp06jX3sla/v6o0bvM4iugUnaEqctE1aqAmaqE2oihFz+gVvVlP1ov1bn0sWwtWPnOC/sj6/AEL7pIJ</latexit>

How is the system affected by mass parametrisation?

Topological defects and 
Axion miniclusters 

Pre vs.Post-Inflation scenario
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‣ Axion strings form due to 
spontaneous breaking 

‣ Domain walls form due to explicit 
breaking 

‣Miniclusters form due  
fluctuations in energy 

𝒪(1)
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<latexit sha1_base64="hpXfB0PZDuO3xprzXBaFSUHTMx8="></latexit>
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<latexit sha1_base64="NiHv7AdrfgJ93zcwFPAUCQBtCP0="></latexit>

� = |�|ei✓
<latexit sha1_base64="ba+LSmev2QgjTBehwHOzgxAoqM0=">AAACCXicbZC7SgNBFIZnvcZ4i1raDAbBKuxGQRshaGMZwVwgu4bZyUkyZPbCzFkhLGltfBUbC0VsfQM738bZZAtN/GHg4z/ncOb8fiyFRtv+tpaWV1bX1gsbxc2t7Z3d0t5+U0eJ4tDgkYxU22capAihgQIltGMFLPAltPzRdVZvPYDSIgrvcByDF7BBKPqCMzRWt0TdeCguXdOCGU2Bwn0qXBwCskmxWyrbFXsqughODmWSq94tfbm9iCcBhMgl07rj2DF6KVMouIRJ0U00xIyP2AA6BkMWgPbS6SUTemycHu1HyrwQ6dT9PZGyQOtx4JvOgOFQz9cy879aJ8H+hZeKME4QQj5b1E8kxYhmsdCeUMBRjg0wroT5K+VDphhHE14WgjN/8iI0qxXntFK9PSvXrvI4CuSQHJET4pBzUiM3pE4ahJNH8kxeyZv1ZL1Y79bHrHXJymcOyB9Znz/HVppg</latexit>

Studied production of axions, 
energy density substructure as a 
function of the axion mass 
parametrisation  

Extend to temperature 
independent mass, model-
independent ALP

m2
a(T ) = m2

a

✓
T?

T

◆n

<latexit sha1_base64="i1smvM/soYHc61DdJK2TBV2vbfM=">AAACGXicbVDLSsNAFJ3UV62vqks3wSK0m5JUQTdC0Y3LCukDmrRMppN26OTBzI1QQn7Djb/ixoUiLnXl3zhNs9DWAwOHc+7hzj1uxJkEw/jWCmvrG5tbxe3Szu7e/kH58Kgjw1gQ2iYhD0XPxZJyFtA2MOC0FwmKfZfTrju9nfvdByokCwMLZhF1fDwOmMcIBiUNy4Y/aAxx1apdZ8Tm1IOq7QlMEmuY2BKwSNPESm3BxhOoDVSkYtSNDPoqMXNSQTlaw/KnPQpJ7NMACMdS9k0jAifBAhjhNC3ZsaQRJlM8pn1FA+xT6STZZal+ppSR7oVCvQD0TP2dSLAv5cx31aSPYSKXvbn4n9ePwbtyEhZEMdCALBZ5Mdch1Oc16SMmKAE+UwQTwdRfdTLBqhZQZZZUCebyyauk06ib5/XG/UWleZPXUUQn6BRVkYkuURPdoRZqI4Ie0TN6RW/ak/aivWsfi9GClmeO0R9oXz9HqKCG</latexit>

n

0 6.5 ∼ 8

QCD axionALP
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Overview

�̈+ 3H�̇� r2

a2
�+

@V

@�
= 0

<latexit sha1_base64="hpXfB0PZDuO3xprzXBaFSUHTMx8="></latexit>

V (�) = �(|�|2 � f2
a )

2 +m2
a(T )f

2
a (1� cos ✓)

<latexit sha1_base64="NiHv7AdrfgJ93zcwFPAUCQBtCP0="></latexit>

� = |�|ei✓
<latexit sha1_base64="ba+LSmev2QgjTBehwHOzgxAoqM0=">AAACCXicbZC7SgNBFIZnvcZ4i1raDAbBKuxGQRshaGMZwVwgu4bZyUkyZPbCzFkhLGltfBUbC0VsfQM738bZZAtN/GHg4z/ncOb8fiyFRtv+tpaWV1bX1gsbxc2t7Z3d0t5+U0eJ4tDgkYxU22capAihgQIltGMFLPAltPzRdVZvPYDSIgrvcByDF7BBKPqCMzRWt0TdeCguXdOCGU2Bwn0qXBwCskmxWyrbFXsqughODmWSq94tfbm9iCcBhMgl07rj2DF6KVMouIRJ0U00xIyP2AA6BkMWgPbS6SUTemycHu1HyrwQ6dT9PZGyQOtx4JvOgOFQz9cy879aJ8H+hZeKME4QQj5b1E8kxYhmsdCeUMBRjg0wroT5K+VDphhHE14WgjN/8iI0qxXntFK9PSvXrvI4CuSQHJET4pBzUiM3pE4ahJNH8kxeyZv1ZL1Y79bHrHXJymcOyB9Znz/HVppg</latexit>

Performed ~100 simulations with 
large resolution and with   n ∈ [0,6]

Studied production of axions, 
energy density substructure as a 
function of the axion mass 
parametrisation  

Extend to temperature 
independent mass, model-
independent ALP m2

a(T ) = m2
a

✓
T?

T

◆n

<latexit sha1_base64="i1smvM/soYHc61DdJK2TBV2vbfM=">AAACGXicbVDLSsNAFJ3UV62vqks3wSK0m5JUQTdC0Y3LCukDmrRMppN26OTBzI1QQn7Djb/ixoUiLnXl3zhNs9DWAwOHc+7hzj1uxJkEw/jWCmvrG5tbxe3Szu7e/kH58Kgjw1gQ2iYhD0XPxZJyFtA2MOC0FwmKfZfTrju9nfvdByokCwMLZhF1fDwOmMcIBiUNy4Y/aAxx1apdZ8Tm1IOq7QlMEmuY2BKwSNPESm3BxhOoDVSkYtSNDPoqMXNSQTlaw/KnPQpJ7NMACMdS9k0jAifBAhjhNC3ZsaQRJlM8pn1FA+xT6STZZal+ppSR7oVCvQD0TP2dSLAv5cx31aSPYSKXvbn4n9ePwbtyEhZEMdCALBZ5Mdch1Oc16SMmKAE+UwQTwdRfdTLBqhZQZZZUCebyyauk06ib5/XG/UWleZPXUUQn6BRVkYkuURPdoRZqI4Ie0TN6RW/ak/aivWsfi9GClmeO0R9oXz9HqKCG</latexit>

ma(t1) = H(t1)
<latexit sha1_base64="Ef1iz1Ei6TXzfPrTaFPBzUfV020=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSKuhFKHrpsYKthTaEzXbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrg2Ee782wsy9IOFPacb6twtr6xuZWcbu0s7u3X7YPDjsqTiWhbRLzWHYDrChngrY105x2E0lxFHD6EIxvZ/7DI5WKxeJeTxLqRXgoWMgI1kby7XLk46r23bPr5rz5dsWpOXOgVeLmpAI5Wr791R/EJI2o0IRjpXquk2gvw1Izwum01E8VTTAZ4yHtGSpwRJWXzQ+folOjDFAYS1NCo7n6eyPDkVKTKDCTEdYjtezNxP+8XqrDKy9jIkk1FWTxUJhypGM0SwENmKRE84khmEhmbkVkhCUm2mRVMiG4y19eJZ16zT2v1e8uKo2bPI4iHMMJVMGFS2hAE1rQBgIpPMMrvFlP1ov1bn0sRgtWvnMEf2B9/gBr1ZGh</latexit>

L = O(10)L1
<latexit sha1_base64="ZnhXJBTieMlsLAszZbikXIrQo10=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBahbkpSBd0IRTcuClawD2hDmEwn7dDJg5mJUELBX3HjQhG3foc7/8ZJm4W2Hhg4nHMv98zxYs6ksqxvY2l5ZXVtvbBR3Nza3tk19/ZbMkoEoU0S8Uh0PCwpZyFtKqY47cSC4sDjtO2NbjK//UiFZFH4oMYxdQI8CJnPCFZacs3D+lUvwGpIME/vJmXbOkV113bNklWxpkCLxM5JCXI0XPOr149IEtBQEY6l7NpWrJwUC8UIp5NiL5E0xmSEB7SraYgDKp10Gn+CTrTSR34k9AsVmqq/N1IcSDkOPD2ZRZXzXib+53UT5V86KQvjRNGQzA75CUcqQlkXqM8EJYqPNcFEMJ0VkSEWmCjdWFGXYM9/eZG0qhX7rFK9Py/VrvM6CnAEx1AGGy6gBrfQgCYQSOEZXuHNeDJejHfjYza6ZOQ7B/AHxucPAJmUNQ==</latexit>

Assumptions 

➤ PRS trick to extend dynamical range 
in the presence of strings 

➤ Cannot achieve physical values of 
string tension  

➤ Domain wall instability,  NDW = 1

n

0 6.5 ∼ 8
topological  

susceptibility 

QCD axionALP

L1 =
1

a(t1)H(t1)
<latexit sha1_base64="N22pz8ylp/hsyYTlmX5XW6lIto0=">AAACA3icbVDLSgMxFM34rPU16k43wSLUTZlUQTdC0U0XLirYB7TDkEkzbWgmMyQZoQwFN/6KGxeKuPUn3Pk3ptNZaOuBezmccy/JPX7MmdKO820tLa+srq0XNoqbW9s7u/befktFiSS0SSIeyY6PFeVM0KZmmtNOLCkOfU7b/uhm6rcfqFQsEvd6HFM3xAPBAkawNpJnH9566KoXSExSNElxWXvotJ71iWeXnIqTAS4SlJMSyNHw7K9ePyJJSIUmHCvVRU6s3RRLzQink2IvUTTGZIQHtGuowCFVbprdMIEnRunDIJKmhIaZ+nsjxaFS49A3kyHWQzXvTcX/vG6ig0s3ZSJONBVk9lCQcKgjOA0E9pmkRPOxIZhIZv4KyRCbQLSJrWhCQPMnL5JWtYLOKtW781LtOo+jAI7AMSgDBC5ADdRBAzQBAY/gGbyCN+vJerHerY/Z6JKV7xyAP7A+fwCflpY4</latexit>

 = log(fa/H)
<latexit sha1_base64="GVzbFnz9COodmnXo209pIS5Js88=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXmpSBb0IRS89VrAf0IQw2W7apZtk2d2IJfSvePGgiFf/iDf/jds2B219MPB4b4aZeQFnVCrb/jYKa+sbm1vF7dLO7t7+gXlY7sgkFZi0ccIS0QtAEkZj0lZUMdLjgkAUMNINxnczv/tIhKRJ/KAmnHgRDGMaUgxKS75ZdsfAOdy4LBlWQx/Om2e+WbFr9hzWKnFyUkE5Wr755Q4SnEYkVpiBlH3H5srLQCiKGZmW3FQSDngMQ9LXNIaISC+b3z61TrUysMJE6IqVNVd/T2QQSTmJAt0ZgRrJZW8m/uf1UxVeexmNeapIjBeLwpRZKrFmQVgDKghWbKIJYEH1rRYegQCsdFwlHYKz/PIq6dRrzkWtfn9ZadzmcRTRMTpBVeSgK9RATdRCbYTRE3pGr+jNmBovxrvxsWgtGPnMEfoD4/MHu7+TlQ==</latexit>

QCD ⇠ 60
<latexit sha1_base64="lViN0l4Hpf8EHOzXjAYCS4J9P8Y=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSVFGPxXrw2IJthSaEzXbTLt1Nlt2NUEIu/hUvHhTx6s/w5r9x2+agrQ8GHu/NMDMvFIwq7TjfVmlldW19o7xZ2dre2d2z9w+6KkklJh2csEQ+hEgRRmPS0VQz8iAkQTxkpBeOm1O/90ikokl8ryeC+BwNYxpRjLSRAvvIGyMhUJB5ksN28zb3FOXw0gnsqlNzZoDLxC1IFRRoBfaXN0hwykmsMUNK9V1HaD9DUlPMSF7xUkUEwmM0JH1DY8SJ8rPZAzk8NcoARok0FWs4U39PZIgrNeGh6eRIj9SiNxX/8/qpjq79jMYi1STG80VRyqBO4DQNOKCSYM0mhiAsqbkV4hGSCGuTWcWE4C6+vEy69Zp7Xqu3L6qNmyKOMjgGJ+AMuOAKNMAdaIEOwCAHz+AVvFlP1ov1bn3MW0tWMXMI/sD6/AGGUZWz</latexit>
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zPQ
<latexit sha1_base64="FDeKej9FAGSVK7z0f883RiHQCKE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LXjy2YD+wXUo2zbahSXZJskJd+i+8eFDEq//Gm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nUeqNIvkvZnG1Bd4JFnICDZWengapH0lUKM5G5QrbtWdA60SLycVyNEYlL/6w4gkgkpDONa657mx8VOsDCOczkr9RNMYkwke0Z6lEguq/XR+8QydWWWIwkjZkgbN1d8TKRZaT0VgOwU2Y73sZeJ/Xi8x4bWfMhknhkqyWBQmHJkIZe+jIVOUGD61BBPF7K2IjLHCxNiQSjYEb/nlVdKuVb2Laq15Wanf5HEU4QRO4Rw8uII63EEDWkBAwjO8wpujnRfn3flYtBacfOYY/sD5/AFTFpCv</latexit>

z1 ⇠ zQCD
<latexit sha1_base64="C4/zsLJYqjF6Q6IFlZedlNve84I=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0GWxLly2YB/QhDCZTtuhM5MwMxHSUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3njBmVGnH+bYKG5tb2zvF3dLe/sHhkX180lFRIjFp44hFshciRRgVpK2pZqQXS4J4yEg3nDTmfveRSEUj8aDTmPgcjQQdUoy0kQK7PA1cT1EOp0HmSQ5bjbtZYFecqrMAXCduTiogRzOwv7xBhBNOhMYMKdV3nVj7GZKaYkZmJS9RJEZ4gkakb6hAnCg/Wxw/g+dGGcBhJE0JDRfq74kMcaVSHppOjvRYrXpz8T+vn+jhjZ9RESeaCLxcNEwY1BGcJwEHVBKsWWoIwpKaWyEeI4mwNnmVTAju6svrpFOrupfVWuuqUr/N4yiCU3AGLoALrkEd3IMmaAMMUvAMXsGb9WS9WO/Wx7K1YOUzZfAH1ucP2pSUQA==</latexit>

zad
<latexit sha1_base64="O+dk99LXYImYsaBXEfhLzRgh8hU=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXisYD+wXUo2m21Dk+ySZIW69F948aCIV/+NN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfDPzO49UaRbLezNJqC/wULKIEWys9PA0yPpKIBxOB+WKW3XnQKvEy0kFcjQH5a9+GJNUUGkIx1r3PDcxfoaVYYTTaamfappgMsZD2rNUYkG1n80vnqIzq4QoipUtadBc/T2RYaH1RAS2U2Az0sveTPzP66UmuvIzJpPUUEkWi6KUIxOj2fsoZIoSwyeWYKKYvRWREVaYGBtSyYbgLb+8Stq1qndRrd3VK43rPI4inMApnIMHl9CAW2hCCwhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP4nbkNM=</latexit>

zeq
<latexit sha1_base64="WGqLNMtSINNFZ1iB54h/IcG69J8=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xkUcEQmaHXpgwO7vOzJrghr/w4kFjvPo33vwbB9iDgpV0UqnqTneXHwuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLV8qlGwSXWDTcCW7FCGvoCm/7oeuo3H1FpHsk7M46xG9KB5AFn1Fjp/qmXdlRI8GHSK5bcsjsDWSZeRkqQodYrfnX6EUtClIYJqnXbc2PTTakynAmcFDqJxpiyER1g21JJQ9TddHbxhJxYpU+CSNmShszU3xMpDbUeh77tDKkZ6kVvKv7ntRMTXHZTLuPEoGTzRUEiiInI9H3S5wqZEWNLKFPc3krYkCrKjA2pYEPwFl9eJo1K2TsrV27PS9WrLI48HMExnIIHF1CFG6hBHRhIeIZXeHO08+K8Ox/z1pyTzRzCHzifP6O0kOQ=</latexit>

Time evolution

Axion string dynamics: scaling regime and 
massless axion waves, massive radial waves 

t ⌧ t1
<latexit sha1_base64="Far1HQ5rAW2wJ/8tVKGRdpIwn3c=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae0Q8mkmTY0kxmTO0IZ+hNuXCji1t9x59+YtrPQ1gOBwzn3kntOkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilDvakJNj3+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83vnZIzqwxIGGv7FJK5+nsjo5ExkyiwkxHFkVn2ZuJ/XjfF8NrPhEpS5IotPgpTmzAms/BkIDRnKCeWUKaFvZWwEdWUoa2oZEvwliOvklat6l1Ua/eXlfpNXkcRTuAUzsGDK6jDHTSgCQwkPMMrvDmPzovz7nwsRgtOvnMMf+B8/gB8T4+a</latexit>

n = 0
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zPQ
<latexit sha1_base64="FDeKej9FAGSVK7z0f883RiHQCKE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LXjy2YD+wXUo2zbahSXZJskJd+i+8eFDEq//Gm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nUeqNIvkvZnG1Bd4JFnICDZWengapH0lUKM5G5QrbtWdA60SLycVyNEYlL/6w4gkgkpDONa657mx8VOsDCOczkr9RNMYkwke0Z6lEguq/XR+8QydWWWIwkjZkgbN1d8TKRZaT0VgOwU2Y73sZeJ/Xi8x4bWfMhknhkqyWBQmHJkIZe+jIVOUGD61BBPF7K2IjLHCxNiQSjYEb/nlVdKuVb2Laq15Wanf5HEU4QRO4Rw8uII63EEDWkBAwjO8wpujnRfn3flYtBacfOYY/sD5/AFTFpCv</latexit>

z1 ⇠ zQCD
<latexit sha1_base64="C4/zsLJYqjF6Q6IFlZedlNve84I=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0GWxLly2YB/QhDCZTtuhM5MwMxHSUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3njBmVGnH+bYKG5tb2zvF3dLe/sHhkX180lFRIjFp44hFshciRRgVpK2pZqQXS4J4yEg3nDTmfveRSEUj8aDTmPgcjQQdUoy0kQK7PA1cT1EOp0HmSQ5bjbtZYFecqrMAXCduTiogRzOwv7xBhBNOhMYMKdV3nVj7GZKaYkZmJS9RJEZ4gkakb6hAnCg/Wxw/g+dGGcBhJE0JDRfq74kMcaVSHppOjvRYrXpz8T+vn+jhjZ9RESeaCLxcNEwY1BGcJwEHVBKsWWoIwpKaWyEeI4mwNnmVTAju6svrpFOrupfVWuuqUr/N4yiCU3AGLoALrkEd3IMmaAMMUvAMXsGb9WS9WO/Wx7K1YOUzZfAH1ucP2pSUQA==</latexit>

zad
<latexit sha1_base64="O+dk99LXYImYsaBXEfhLzRgh8hU=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXisYD+wXUo2m21Dk+ySZIW69F948aCIV/+NN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfDPzO49UaRbLezNJqC/wULKIEWys9PA0yPpKIBxOB+WKW3XnQKvEy0kFcjQH5a9+GJNUUGkIx1r3PDcxfoaVYYTTaamfappgMsZD2rNUYkG1n80vnqIzq4QoipUtadBc/T2RYaH1RAS2U2Az0sveTPzP66UmuvIzJpPUUEkWi6KUIxOj2fsoZIoSwyeWYKKYvRWREVaYGBtSyYbgLb+8Stq1qndRrd3VK43rPI4inMApnIMHl9CAW2hCCwhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP4nbkNM=</latexit>

zeq
<latexit sha1_base64="WGqLNMtSINNFZ1iB54h/IcG69J8=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xkUcEQmaHXpgwO7vOzJrghr/w4kFjvPo33vwbB9iDgpV0UqnqTneXHwuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLV8qlGwSXWDTcCW7FCGvoCm/7oeuo3H1FpHsk7M46xG9KB5AFn1Fjp/qmXdlRI8GHSK5bcsjsDWSZeRkqQodYrfnX6EUtClIYJqnXbc2PTTakynAmcFDqJxpiyER1g21JJQ9TddHbxhJxYpU+CSNmShszU3xMpDbUeh77tDKkZ6kVvKv7ntRMTXHZTLuPEoGTzRUEiiInI9H3S5wqZEWNLKFPc3krYkCrKjA2pYEPwFl9eJo1K2TsrV27PS9WrLI48HMExnIIHF1CFG6hBHRhIeIZXeHO08+K8Ox/z1pyTzRzCHzifP6O0kOQ=</latexit>

Evolution: The ALP simulation

String-Wall network dynamics: collapse of 
defects and onset of axion field oscillations 

t ⇠ t1
<latexit sha1_base64="6hWhJpzmxYfqhqSIbgeCr/mM19Y=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ie0oWy2m3bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIxEKRtFKj9gzQhHse/1yxa26c5BV4uWkAjka/fJXbxCzVPEImaTGdD03QT+jGgWTfFrqpYYnlI3pkHctjajixs/mB0/JmVUGJIy1rQjJXP09kVFlzEQFtlNRHJllbyb+53VTDK/9TERJijxii0VhKgnGZPY9GQjNGcqJJZRpYW8lbEQ1ZWgzKtkQvOWXV0mrVvUuqrX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQGCp7hFd4c7bw4787HorXg5DPH8AfO5w9QC5AV</latexit>

n = 0
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zPQ
<latexit sha1_base64="FDeKej9FAGSVK7z0f883RiHQCKE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LXjy2YD+wXUo2zbahSXZJskJd+i+8eFDEq//Gm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nUeqNIvkvZnG1Bd4JFnICDZWengapH0lUKM5G5QrbtWdA60SLycVyNEYlL/6w4gkgkpDONa657mx8VOsDCOczkr9RNMYkwke0Z6lEguq/XR+8QydWWWIwkjZkgbN1d8TKRZaT0VgOwU2Y73sZeJ/Xi8x4bWfMhknhkqyWBQmHJkIZe+jIVOUGD61BBPF7K2IjLHCxNiQSjYEb/nlVdKuVb2Laq15Wanf5HEU4QRO4Rw8uII63EEDWkBAwjO8wpujnRfn3flYtBacfOYY/sD5/AFTFpCv</latexit>

z1 ⇠ zQCD
<latexit sha1_base64="C4/zsLJYqjF6Q6IFlZedlNve84I=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0GWxLly2YB/QhDCZTtuhM5MwMxHSUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3njBmVGnH+bYKG5tb2zvF3dLe/sHhkX180lFRIjFp44hFshciRRgVpK2pZqQXS4J4yEg3nDTmfveRSEUj8aDTmPgcjQQdUoy0kQK7PA1cT1EOp0HmSQ5bjbtZYFecqrMAXCduTiogRzOwv7xBhBNOhMYMKdV3nVj7GZKaYkZmJS9RJEZ4gkakb6hAnCg/Wxw/g+dGGcBhJE0JDRfq74kMcaVSHppOjvRYrXpz8T+vn+jhjZ9RESeaCLxcNEwY1BGcJwEHVBKsWWoIwpKaWyEeI4mwNnmVTAju6svrpFOrupfVWuuqUr/N4yiCU3AGLoALrkEd3IMmaAMMUvAMXsGb9WS9WO/Wx7K1YOUzZfAH1ucP2pSUQA==</latexit>

zad
<latexit sha1_base64="O+dk99LXYImYsaBXEfhLzRgh8hU=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXisYD+wXUo2m21Dk+ySZIW69F948aCIV/+NN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfDPzO49UaRbLezNJqC/wULKIEWys9PA0yPpKIBxOB+WKW3XnQKvEy0kFcjQH5a9+GJNUUGkIx1r3PDcxfoaVYYTTaamfappgMsZD2rNUYkG1n80vnqIzq4QoipUtadBc/T2RYaH1RAS2U2Az0sveTPzP66UmuvIzJpPUUEkWi6KUIxOj2fsoZIoSwyeWYKKYvRWREVaYGBtSyYbgLb+8Stq1qndRrd3VK43rPI4inMApnIMHl9CAW2hCCwhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP4nbkNM=</latexit>

zeq
<latexit sha1_base64="WGqLNMtSINNFZ1iB54h/IcG69J8=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xkUcEQmaHXpgwO7vOzJrghr/w4kFjvPo33vwbB9iDgpV0UqnqTneXHwuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLV8qlGwSXWDTcCW7FCGvoCm/7oeuo3H1FpHsk7M46xG9KB5AFn1Fjp/qmXdlRI8GHSK5bcsjsDWSZeRkqQodYrfnX6EUtClIYJqnXbc2PTTakynAmcFDqJxpiyER1g21JJQ9TddHbxhJxYpU+CSNmShszU3xMpDbUeh77tDKkZ6kVvKv7ntRMTXHZTLuPEoGTzRUEiiInI9H3S5wqZEWNLKFPc3krYkCrKjA2pYEPwFl9eJo1K2TsrV27PS9WrLI48HMExnIIHF1CFG6hBHRhIeIZXeHO08+K8Ox/z1pyTzRzCHzifP6O0kOQ=</latexit>

Evolution: The ALP simulation

t & t1
<latexit sha1_base64="Saawpnk14Tpz1wx+mftk1+EgyjA=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmlM120y7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIecZLyIKZDJSLBKFrJR3+I1owJ9r1+perW3DnIKvEKUoUCzX7lyx8kLIu5QiapMT3PTTHIqUbBJJ+W/czwlLIxHfKepYrG3AT5/OYpObfKgESJtqWQzNXfEzmNjZnEoe2MKY7MsjcT//N6GUY3QS5UmiFXbLEoyiTBhMwCIAOhOUM5sYQyLeythI2opgxtTGUbgrf88ipp12veZa3+cFVt3BZxlOAUzuACPLiGBtxDE1rAIIVneIU3J3NenHfnY9G65hQzJ/AHzucPxIyRgA==</latexit>

Axion field oscillations and formation of 
axitons (oscillons) for large n values

n = 0
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zPQ
<latexit sha1_base64="FDeKej9FAGSVK7z0f883RiHQCKE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LXjy2YD+wXUo2zbahSXZJskJd+i+8eFDEq//Gm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nUeqNIvkvZnG1Bd4JFnICDZWengapH0lUKM5G5QrbtWdA60SLycVyNEYlL/6w4gkgkpDONa657mx8VOsDCOczkr9RNMYkwke0Z6lEguq/XR+8QydWWWIwkjZkgbN1d8TKRZaT0VgOwU2Y73sZeJ/Xi8x4bWfMhknhkqyWBQmHJkIZe+jIVOUGD61BBPF7K2IjLHCxNiQSjYEb/nlVdKuVb2Laq15Wanf5HEU4QRO4Rw8uII63EEDWkBAwjO8wpujnRfn3flYtBacfOYY/sD5/AFTFpCv</latexit>

z1 ⇠ zQCD
<latexit sha1_base64="C4/zsLJYqjF6Q6IFlZedlNve84I=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0GWxLly2YB/QhDCZTtuhM5MwMxHSUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3njBmVGnH+bYKG5tb2zvF3dLe/sHhkX180lFRIjFp44hFshciRRgVpK2pZqQXS4J4yEg3nDTmfveRSEUj8aDTmPgcjQQdUoy0kQK7PA1cT1EOp0HmSQ5bjbtZYFecqrMAXCduTiogRzOwv7xBhBNOhMYMKdV3nVj7GZKaYkZmJS9RJEZ4gkakb6hAnCg/Wxw/g+dGGcBhJE0JDRfq74kMcaVSHppOjvRYrXpz8T+vn+jhjZ9RESeaCLxcNEwY1BGcJwEHVBKsWWoIwpKaWyEeI4mwNnmVTAju6svrpFOrupfVWuuqUr/N4yiCU3AGLoALrkEd3IMmaAMMUvAMXsGb9WS9WO/Wx7K1YOUzZfAH1ucP2pSUQA==</latexit>

zad
<latexit sha1_base64="O+dk99LXYImYsaBXEfhLzRgh8hU=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXisYD+wXUo2m21Dk+ySZIW69F948aCIV/+NN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfDPzO49UaRbLezNJqC/wULKIEWys9PA0yPpKIBxOB+WKW3XnQKvEy0kFcjQH5a9+GJNUUGkIx1r3PDcxfoaVYYTTaamfappgMsZD2rNUYkG1n80vnqIzq4QoipUtadBc/T2RYaH1RAS2U2Az0sveTPzP66UmuvIzJpPUUEkWi6KUIxOj2fsoZIoSwyeWYKKYvRWREVaYGBtSyYbgLb+8Stq1qndRrd3VK43rPI4inMApnIMHl9CAW2hCCwhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP4nbkNM=</latexit>

zeq
<latexit sha1_base64="WGqLNMtSINNFZ1iB54h/IcG69J8=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xkUcEQmaHXpgwO7vOzJrghr/w4kFjvPo33vwbB9iDgpV0UqnqTneXHwuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLV8qlGwSXWDTcCW7FCGvoCm/7oeuo3H1FpHsk7M46xG9KB5AFn1Fjp/qmXdlRI8GHSK5bcsjsDWSZeRkqQodYrfnX6EUtClIYJqnXbc2PTTakynAmcFDqJxpiyER1g21JJQ9TddHbxhJxYpU+CSNmShszU3xMpDbUeh77tDKkZ6kVvKv7ntRMTXHZTLuPEoGTzRUEiiInI9H3S5wqZEWNLKFPc3krYkCrKjA2pYEPwFl9eJo1K2TsrV27PS9WrLI48HMExnIIHF1CFG6hBHRhIeIZXeHO08+K8Ox/z1pyTzRzCHzifP6O0kOQ=</latexit>

Evolution: The ALP simulation

t & tad
<latexit sha1_base64="KiSiQLWCc4OX8XAN92yEAubXS0s=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVJIq6LHoxWMF+wFNCJvNtl26m4TdiRBC/StePCji1R/izX/jts1BWx8MPN6bYWZemAquwXG+rbX1jc2t7cpOdXdv/+DQPjru6iRTlHVoIhLVD4lmgsesAxwE66eKERkK1gsntzO/98iU5kn8AHnKfElGMR9ySsBIgV0DbwTGlhiCwlMSk2ga2HWn4cyBV4lbkjoq0Q7sLy9KaCZZDFQQrQeuk4JfEAWcCjateplmKaETMmIDQ2MimfaL+fFTfGaUCA8TZSoGPFd/TxREap3L0HRKAmO97M3E/7xBBsNrv+BxmgGL6WLRMBMYEjxLAkdcMQoiN4RQxc2tmI6JIhRMXlUTgrv88irpNhvuRaN5f1lv3ZRxVNAJOkXnyEVXqIXuUBt1EEU5ekav6M16sl6sd+tj0bpmlTM19AfW5w/Pm5Te</latexit>

Axion number density frozen, free streaming of axion waves 

n = 0
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zPQ
<latexit sha1_base64="FDeKej9FAGSVK7z0f883RiHQCKE=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgh6LXjy2YD+wXUo2zbahSXZJskJd+i+8eFDEq//Gm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpv5nUeqNIvkvZnG1Bd4JFnICDZWengapH0lUKM5G5QrbtWdA60SLycVyNEYlL/6w4gkgkpDONa657mx8VOsDCOczkr9RNMYkwke0Z6lEguq/XR+8QydWWWIwkjZkgbN1d8TKRZaT0VgOwU2Y73sZeJ/Xi8x4bWfMhknhkqyWBQmHJkIZe+jIVOUGD61BBPF7K2IjLHCxNiQSjYEb/nlVdKuVb2Laq15Wanf5HEU4QRO4Rw8uII63EEDWkBAwjO8wpujnRfn3flYtBacfOYY/sD5/AFTFpCv</latexit>

z1 ⇠ zQCD
<latexit sha1_base64="C4/zsLJYqjF6Q6IFlZedlNve84I=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0GWxLly2YB/QhDCZTtuhM5MwMxHSUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3njBmVGnH+bYKG5tb2zvF3dLe/sHhkX180lFRIjFp44hFshciRRgVpK2pZqQXS4J4yEg3nDTmfveRSEUj8aDTmPgcjQQdUoy0kQK7PA1cT1EOp0HmSQ5bjbtZYFecqrMAXCduTiogRzOwv7xBhBNOhMYMKdV3nVj7GZKaYkZmJS9RJEZ4gkakb6hAnCg/Wxw/g+dGGcBhJE0JDRfq74kMcaVSHppOjvRYrXpz8T+vn+jhjZ9RESeaCLxcNEwY1BGcJwEHVBKsWWoIwpKaWyEeI4mwNnmVTAju6svrpFOrupfVWuuqUr/N4yiCU3AGLoALrkEd3IMmaAMMUvAMXsGb9WS9WO/Wx7K1YOUzZfAH1ucP2pSUQA==</latexit>

zad
<latexit sha1_base64="O+dk99LXYImYsaBXEfhLzRgh8hU=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBT0WvXisYD+wXUo2m21Dk+ySZIW69F948aCIV/+NN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfDPzO49UaRbLezNJqC/wULKIEWys9PA0yPpKIBxOB+WKW3XnQKvEy0kFcjQH5a9+GJNUUGkIx1r3PDcxfoaVYYTTaamfappgMsZD2rNUYkG1n80vnqIzq4QoipUtadBc/T2RYaH1RAS2U2Az0sveTPzP66UmuvIzJpPUUEkWi6KUIxOj2fsoZIoSwyeWYKKYvRWREVaYGBtSyYbgLb+8Stq1qndRrd3VK43rPI4inMApnIMHl9CAW2hCCwhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP4nbkNM=</latexit>

zeq
<latexit sha1_base64="WGqLNMtSINNFZ1iB54h/IcG69J8=">AAAB8XicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xkUcEQmaHXpgwO7vOzJrghr/w4kFjvPo33vwbB9iDgpV0UqnqTneXHwuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLV8qlGwSXWDTcCW7FCGvoCm/7oeuo3H1FpHsk7M46xG9KB5AFn1Fjp/qmXdlRI8GHSK5bcsjsDWSZeRkqQodYrfnX6EUtClIYJqnXbc2PTTakynAmcFDqJxpiyER1g21JJQ9TddHbxhJxYpU+CSNmShszU3xMpDbUeh77tDKkZ6kVvKv7ntRMTXHZTLuPEoGTzRUEiiInI9H3S5wqZEWNLKFPc3krYkCrKjA2pYEPwFl9eJo1K2TsrV27PS9WrLI48HMExnIIHF1CFG6hBHRhIeIZXeHO08+K8Ox/z1pyTzRzCHzifP6O0kOQ=</latexit>

Evolution: The ALP simulation
n = 0
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Mass parametrisation impact
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Mass parametrisation impact

⇠ =
`(t)t2

V
<latexit sha1_base64="Geqm946ixQcH67fyFd7cQ2dfeoU=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRV0I1QdOOygn1AE8tkOmmHTh7M3IglZO/GX3HjQhG3/oA7/8Zpm4W2HrhwOOde7r3HiwVXYFnfxtLyyuraemGjuLm1vbNr7u23VJRIypo0EpHseEQxwUPWBA6CdWLJSOAJ1vZGVxO/fc+k4lF4C+OYuQEZhNznlICWembJeeAXji8JTR0mRAWO4a6WpU5AYEiJSFtZ1jPLVtWaAi8SOydllKPRM7+cfkSTgIVABVGqa1sxuCmRwKlgWdFJFIsJHZEB62oakoApN53+kuEjrfSxH0ldIeCp+nsiJYFS48DTnZMb1bw3Ef/zugn4527KwzgBFtLZIj8RGCI8CQb3uWQUxFgTQiXXt2I6JDoY0PEVdQj2/MuLpFWr2ifV2s1puX6Zx1FAh6iEKshGZ6iOrlEDNRFFj+gZvaI348l4Md6Nj1nrkpHPHKA/MD5/AGl9m0s=</latexit>

Number of strings  
per causal volume

Log-growth before mass turns on  
and destroys the network  

Smooth annihilation for low n  

⌧2(n) = (⇡/4)2/(n+4)
<latexit sha1_base64="bF32BWd6NMnR4F6rm3RJ4ulGTGU=">AAACCnicbVDLSgNBEJz1GeMr6tHLahAShGR3DehFCHrxGME8IBtD72SSDJmdHWZmhbDk7MVf8eJBEa9+gTf/xsnjoIkFDUVVN91dgWBUacf5tpaWV1bX1lMb6c2t7Z3dzN5+TUWxxKSKIxbJRgCKMMpJVVPNSENIAmHASD0YXI/9+gORikb8Tg8FaYXQ47RLMWgjtTNHvoa47eV4/jLnC+oPQAgolvL3iVfM8dNSftTOZJ2CM4G9SNwZyaIZKu3Ml9+JcBwSrjEDpZquI3QrAakpZmSU9mNFBOAB9EjTUA4hUa1k8srIPjFKx+5G0hTX9kT9PZFAqNQwDExnCLqv5r2x+J/XjHX3opVQLmJNOJ4u6sbM1pE9zsXuUEmwZkNDAEtqbrVxHyRgbdJLmxDc+ZcXSc0ruGcF77aULV/N4kihQ3SMcshF56iMblAFVRFGj+gZvaI368l6sd6tj2nrkjWbOUB/YH3+AKuEmFM=</latexit>

6/11

 = log(fa/H)
<latexit sha1_base64="GVzbFnz9COodmnXo209pIS5Js88=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXmpSBb0IRS89VrAf0IQw2W7apZtk2d2IJfSvePGgiFf/iDf/jds2B219MPB4b4aZeQFnVCrb/jYKa+sbm1vF7dLO7t7+gXlY7sgkFZi0ccIS0QtAEkZj0lZUMdLjgkAUMNINxnczv/tIhKRJ/KAmnHgRDGMaUgxKS75ZdsfAOdy4LBlWQx/Om2e+WbFr9hzWKnFyUkE5Wr755Q4SnEYkVpiBlH3H5srLQCiKGZmW3FQSDngMQ9LXNIaISC+b3z61TrUysMJE6IqVNVd/T2QQSTmJAt0ZgRrJZW8m/uf1UxVeexmNeapIjBeLwpRZKrFmQVgDKghWbKIJYEH1rRYegQCsdFwlHYKz/PIq6dRrzkWtfn9ZadzmcRTRMTpBVeSgK9RATdRCbYTRE3pGr+jNmBovxrvxsWgtGPnMEfoD4/MHu7+TlQ==</latexit>



Mass parametrisation impact
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V
<latexit sha1_base64="Geqm946ixQcH67fyFd7cQ2dfeoU=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRV0I1QdOOygn1AE8tkOmmHTh7M3IglZO/GX3HjQhG3/oA7/8Zpm4W2HrhwOOde7r3HiwVXYFnfxtLyyuraemGjuLm1vbNr7u23VJRIypo0EpHseEQxwUPWBA6CdWLJSOAJ1vZGVxO/fc+k4lF4C+OYuQEZhNznlICWembJeeAXji8JTR0mRAWO4a6WpU5AYEiJSFtZ1jPLVtWaAi8SOydllKPRM7+cfkSTgIVABVGqa1sxuCmRwKlgWdFJFIsJHZEB62oakoApN53+kuEjrfSxH0ldIeCp+nsiJYFS48DTnZMb1bw3Ef/zugn4527KwzgBFtLZIj8RGCI8CQb3uWQUxFgTQiXXt2I6JDoY0PEVdQj2/MuLpFWr2ifV2s1puX6Zx1FAh6iEKshGZ6iOrlEDNRFFj+gZvaI348l4Md6Nj1nrkpHPHKA/MD5/AGl9m0s=</latexit>

Number of strings  
per causal volume

� =
⇢a
h⇢ai

� 1
<latexit sha1_base64="zBvUlgwRAfAiRE08Kf851ntUPNw=">AAACFXicbVDLSsNAFJ3UV62vqEs3wSK40JJUQTdC0Y3LCvYBTQg300k7dDIJMxOhhP6EG3/FjQtF3Aru/BunaRbaemDg3HPunZl7goRRqWz72ygtLa+srpXXKxubW9s75u5eW8apwKSFYxaLbgCSMMpJS1HFSDcRBKKAkU4wupn6nQciJI35vRonxItgwGlIMSgt+eaJ2ydMwZUbCsCZK4axD5PMZcAHjMxKV+TF5NTxzapds3NYi8QpSBUVaPrml9uPcRoRrjADKXuOnSgvA6Eo1jdW3FSSBPAIBqSnKYeISC/Lt5pYR1rpW2Es9OHKytXfExlEUo6jQHdGoIZy3puK/3m9VIWXXkZ5kirC8eyhMGWWiq1pRFafCoIVG2sCWFD9VwsPQeejdJAVHYIzv/IiaddrzlmtfndebVwXcZTRATpEx8hBF6iBblETtRBGj+gZvaI348l4Md6Nj1lryShm9tEfGJ8/qZ2fvg==</latexit>

Log-growth before mass turns on  
and destroys the network  

Smooth annihilation for low n  

⌧2(n) = (⇡/4)2/(n+4)
<latexit sha1_base64="bF32BWd6NMnR4F6rm3RJ4ulGTGU=">AAACCnicbVDLSgNBEJz1GeMr6tHLahAShGR3DehFCHrxGME8IBtD72SSDJmdHWZmhbDk7MVf8eJBEa9+gTf/xsnjoIkFDUVVN91dgWBUacf5tpaWV1bX1lMb6c2t7Z3dzN5+TUWxxKSKIxbJRgCKMMpJVVPNSENIAmHASD0YXI/9+gORikb8Tg8FaYXQ47RLMWgjtTNHvoa47eV4/jLnC+oPQAgolvL3iVfM8dNSftTOZJ2CM4G9SNwZyaIZKu3Ml9+JcBwSrjEDpZquI3QrAakpZmSU9mNFBOAB9EjTUA4hUa1k8srIPjFKx+5G0hTX9kT9PZFAqNQwDExnCLqv5r2x+J/XjHX3opVQLmJNOJ4u6sbM1pE9zsXuUEmwZkNDAEtqbrVxHyRgbdJLmxDc+ZcXSc0ruGcF77aULV/N4kihQ3SMcshF56iMblAFVRFGj+gZvaI368l6sd6tj2nrkjWbOUB/YH3+AKuEmFM=</latexit>

After network has entirely 
collapsed we can evolve with just 
the angular d.o.f.

Study density contrast in axion 
energy field 
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 = log(fa/H)
<latexit sha1_base64="GVzbFnz9COodmnXo209pIS5Js88=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXmpSBb0IRS89VrAf0IQw2W7apZtk2d2IJfSvePGgiFf/iDf/jds2B219MPB4b4aZeQFnVCrb/jYKa+sbm1vF7dLO7t7+gXlY7sgkFZi0ccIS0QtAEkZj0lZUMdLjgkAUMNINxnczv/tIhKRJ/KAmnHgRDGMaUgxKS75ZdsfAOdy4LBlWQx/Om2e+WbFr9hzWKnFyUkE5Wr755Q4SnEYkVpiBlH3H5srLQCiKGZmW3FQSDngMQ9LXNIaISC+b3z61TrUysMJE6IqVNVd/T2QQSTmJAt0ZgRrJZW8m/uf1UxVeexmNeapIjBeLwpRZKrFmQVgDKghWbKIJYEH1rRYegQCsdFwlHYKz/PIq6dRrzkWtfn9ZadzmcRTRMTpBVeSgK9RATdRCbYTRE3pGr+jNmBovxrvxsWgtGPnMEfoD4/MHu7+TlQ==</latexit>
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k3

2⇡2
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<latexit sha1_base64="JISU2WzhQjvnAsGD2tTpnbpv2BI="></latexit>

L1 =
1

a1H1<latexit sha1_base64="iyiC8cKgEHIXtIm3UEzrCeD0ScY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNS7AInkq2CnoRil568FDBtkIbwma7aZduNmF3I9RQ/CtePCji1f/hzX/jts1BWx8MPN6bYWZekHCmtOt+W4Wl5ZXVteJ6aWNza3vH3t1rqTiVhDZJzGN5H2BFORO0qZnm9D6RFEcBp+1geD3x2w9UKhaLOz1KqBfhvmAhI1gbybcPbnx02Q0lJhkaZ9hHdR+NfbvsVtwpnEWCclKGHA3f/ur2YpJGVGjCsVId5Cbay7DUjHA6LnVTRRNMhrhPO4YKHFHlZdPrx86xUXpOGEtTQjtT9fdEhiOlRlFgOiOsB2rem4j/eZ1UhxdexkSSairIbFGYckfHziQKp8ckJZqPDMFEMnOrQwbYRKFNYCUTApp/eZG0qhV0WqnenpVrV3kcRTiEIzgBBOdQgzo0oAkEHuEZXuHNerJerHfrY9ZasPKZffgD6/MHPuGUcg==</latexit>

ma(t1) = H1
<latexit sha1_base64="QstdP3JP1TmwzE5hqImnfQ71jKQ=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2W3CnoRil56rGBtoV2WbJptQ5PskswKZenf8OJBEa/+GW/+G9N2D9r6YODx3gwz88JEcAOu++0U1tY3NreK26Wd3b39g/Lh0aOJU01Zm8Yi1t2QGCa4Ym3gIFg30YzIULBOOL6b+Z0npg2P1QNMEuZLMlQ84pSAlfoyIFUIvPObZuAF5Ypbc+fAq8TLSQXlaAXlr/4gpqlkCqggxvQ8NwE/Ixo4FWxa6qeGJYSOyZD1LFVEMuNn85un+MwqAxzF2pYCPFd/T2REGjORoe2UBEZm2ZuJ/3m9FKJrP+MqSYEpulgUpQJDjGcB4AHXjIKYWEKo5vZWTEdEEwo2ppINwVt+eZU81mveRa1+f1lp3OZxFNEJOkVV5KEr1EBN1EJtRFGCntErenNS58V5dz4WrQUnnzlGf+B8/gBO2ZCN</latexit>

⌧ & ⌧f
<latexit sha1_base64="5zL6fABbNlhklsQA1H4ZNMcYhTs=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiRV0GXRjcsK9gFtCJPppB06mYSZG6XEfoobF4q49Uvc+TdO2iy09cDA4ZxzuXdOkAiuwXG+rdLa+sbmVnm7srO7t39gVw87Ok4VZW0ai1j1AqKZ4JK1gYNgvUQxEgWCdYPJTe53H5jSPJb3ME2YF5GR5CGnBIzk29UBkHQwApOIcuqHvl1z6s4ceJW4BamhAi3f/hoMY5pGTAIVROu+6yTgZUQBp4LNKoNUs4TQCRmxvqGSREx72fz0GT41yhCHsTJPAp6rvycyEmk9jQKTjAiM9bKXi/95/RTCKy/jMkmBSbpYFKYCQ4zzHvCQK0ZBTA0hVHFzK6ZjoggF01bFlOAuf3mVdBp197zeuLuoNa+LOsroGJ2gM+SiS9REt6iF2oiiR/SMXtGb9WS9WO/WxyJasoqZI/QH1ucP0jiUXA==</latexit>

Linearize equations 
✓ ⌧ 1

<latexit sha1_base64="EFhqFWfWx3dAItMDFiOF+WuDDVI=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmlM120y7dbMLuRCilf8OLB0W8+me8+W/ctDlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8LxXe53nrg2IlGPOEl5ENOhEpFgFK3k+zjiSH0piVfuV6puzZ2DrBKvIFUo0OxXvvxBwrKYK2SSGtPz3B SDKdUomOSzsp8ZnlI2pkPes1TRmJtgOr95Rs6tMiBRom0pJHP198SUxsZM4tB2xhRHZtnLxf+8XobRTTAVKs2QK7ZYFGWSYELyAMhAaM5QTiyhTAt7K2EjqilDG1Megrf88ipp12veZa3+cFVt3BZxlOAUzuACPLiGBtxDE1rAIIVneIU3J3NenHfnY9G65hQzJ/AHzucP872Q9w==</latexit>

✓̈ + 3H ✓̇ +m
2
a(T )✓ = 0

<latexit sha1_base64="ul8QImmnumH0uG4wSx0lPF5BYik=">AAACFnicbVDLSsNAFJ3UV62vqEs3wSJUxJK0gm6EopsuK/QFTQyT6aQdOnkwcyOU0K9w46+4caGIW3Hn3zhts6jVAwPnnnPvzNzjxZxJMM1vLbeyura+kd8sbG3v7O7p+wdtGSWC0BaJeCS6HpaUs5C2gAGn3VhQHHicdrzR7dTvPFAhWRQ2YRxTJ8CDkPmMYFCSq5/b/X4EqQ1DCnhyVq3bi2Xg4vtKqXk6r69NVy+aZXMG4y+xMlJEGRqu/qXuI0lAQyAcS9mzzBicFAtghNNJwU4kjTEZ4QHtKRrigEonna01MU6U0jf8SKgTgjFTFydSHEg5DjzVGWAYymVvKv7n9RLwr5yUhXECNCTzh/yEGxAZ04yMPhOUAB8rgolg6q8GGWKBCagkCyoEa3nlv6RdKVvVcuXuoli7yeLIoyN0jErIQpeohuqogVqIoEf0jF7Rm/akvWjv2se8NadlM4foF7TPH6UEnwE=</latexit>
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Substructure: Power spectrum

�2
a(k) =

k3

2⇡2
h|e�(k)|2i

<latexit sha1_base64="JISU2WzhQjvnAsGD2tTpnbpv2BI="></latexit>

L1 =
1

a1H1<latexit sha1_base64="iyiC8cKgEHIXtIm3UEzrCeD0ScY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNS7AInkq2CnoRil568FDBtkIbwma7aZduNmF3I9RQ/CtePCji1f/hzX/jts1BWx8MPN6bYWZekHCmtOt+W4Wl5ZXVteJ6aWNza3vH3t1rqTiVhDZJzGN5H2BFORO0qZnm9D6RFEcBp+1geD3x2w9UKhaLOz1KqBfhvmAhI1gbybcPbnx02Q0lJhkaZ9hHdR+NfbvsVtwpnEWCclKGHA3f/ur2YpJGVGjCsVId5Cbay7DUjHA6LnVTRRNMhrhPO4YKHFHlZdPrx86xUXpOGEtTQjtT9fdEhiOlRlFgOiOsB2rem4j/eZ1UhxdexkSSairIbFGYckfHziQKp8ckJZqPDMFEMnOrQwbYRKFNYCUTApp/eZG0qhV0WqnenpVrV3kcRTiEIzgBBOdQgzo0oAkEHuEZXuHNerJerHfrY9ZasPKZffgD6/MHPuGUcg==</latexit>

ma(t1) = H1
<latexit sha1_base64="QstdP3JP1TmwzE5hqImnfQ71jKQ=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2W3CnoRil56rGBtoV2WbJptQ5PskswKZenf8OJBEa/+GW/+G9N2D9r6YODx3gwz88JEcAOu++0U1tY3NreK26Wd3b39g/Lh0aOJU01Zm8Yi1t2QGCa4Ym3gIFg30YzIULBOOL6b+Z0npg2P1QNMEuZLMlQ84pSAlfoyIFUIvPObZuAF5Ypbc+fAq8TLSQXlaAXlr/4gpqlkCqggxvQ8NwE/Ixo4FWxa6qeGJYSOyZD1LFVEMuNn85un+MwqAxzF2pYCPFd/T2REGjORoe2UBEZm2ZuJ/3m9FKJrP+MqSYEpulgUpQJDjGcB4AHXjIKYWEKo5vZWTEdEEwo2ppINwVt+eZU81mveRa1+f1lp3OZxFNEJOkVV5KEr1EBN1EJtRFGCntErenNS58V5dz4WrQUnnzlGf+B8/gBO2ZCN</latexit>
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Substructure: Power spectrum

�2
a(k) =

k3

2⇡2
h|e�(k)|2i

<latexit sha1_base64="JISU2WzhQjvnAsGD2tTpnbpv2BI="></latexit>

L1 =
1

a1H1<latexit sha1_base64="iyiC8cKgEHIXtIm3UEzrCeD0ScY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNS7AInkq2CnoRil568FDBtkIbwma7aZduNmF3I9RQ/CtePCji1f/hzX/jts1BWx8MPN6bYWZekHCmtOt+W4Wl5ZXVteJ6aWNza3vH3t1rqTiVhDZJzGN5H2BFORO0qZnm9D6RFEcBp+1geD3x2w9UKhaLOz1KqBfhvmAhI1gbybcPbnx02Q0lJhkaZ9hHdR+NfbvsVtwpnEWCclKGHA3f/ur2YpJGVGjCsVId5Cbay7DUjHA6LnVTRRNMhrhPO4YKHFHlZdPrx86xUXpOGEtTQjtT9fdEhiOlRlFgOiOsB2rem4j/eZ1UhxdexkSSairIbFGYckfHziQKp8ckJZqPDMFEMnOrQwbYRKFNYCUTApp/eZG0qhV0WqnenpVrV3kcRTiEIzgBBOdQgzo0oAkEHuEZXuHNerJerHfrY9ZasPKZffgD6/MHPuGUcg==</latexit>

ma(t1) = H1
<latexit sha1_base64="QstdP3JP1TmwzE5hqImnfQ71jKQ=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2W3CnoRil56rGBtoV2WbJptQ5PskswKZenf8OJBEa/+GW/+G9N2D9r6YODx3gwz88JEcAOu++0U1tY3NreK26Wd3b39g/Lh0aOJU01Zm8Yi1t2QGCa4Ym3gIFg30YzIULBOOL6b+Z0npg2P1QNMEuZLMlQ84pSAlfoyIFUIvPObZuAF5Ypbc+fAq8TLSQXlaAXlr/4gpqlkCqggxvQ8NwE/Ixo4FWxa6qeGJYSOyZD1LFVEMuNn85un+MwqAxzF2pYCPFd/T2REGjORoe2UBEZm2ZuJ/3m9FKJrP+MqSYEpulgUpQJDjGcB4AHXjIKYWEKo5vZWTEdEEwo2ppINwVt+eZU81mveRa1+f1lp3OZxFNEJOkVV5KEr1EBN1EJtRFGCntErenNS58V5dz4WrQUnnzlGf+B8/gBO2ZCN</latexit>
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<latexit sha1_base64="JISU2WzhQjvnAsGD2tTpnbpv2BI="></latexit>

L1 =
1

a1H1<latexit sha1_base64="iyiC8cKgEHIXtIm3UEzrCeD0ScY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNS7AInkq2CnoRil568FDBtkIbwma7aZduNmF3I9RQ/CtePCji1f/hzX/jts1BWx8MPN6bYWZekHCmtOt+W4Wl5ZXVteJ6aWNza3vH3t1rqTiVhDZJzGN5H2BFORO0qZnm9D6RFEcBp+1geD3x2w9UKhaLOz1KqBfhvmAhI1gbybcPbnx02Q0lJhkaZ9hHdR+NfbvsVtwpnEWCclKGHA3f/ur2YpJGVGjCsVId5Cbay7DUjHA6LnVTRRNMhrhPO4YKHFHlZdPrx86xUXpOGEtTQjtT9fdEhiOlRlFgOiOsB2rem4j/eZ1UhxdexkSSairIbFGYckfHziQKp8ckJZqPDMFEMnOrQwbYRKFNYCUTApp/eZG0qhV0WqnenpVrV3kcRTiEIzgBBOdQgzo0oAkEHuEZXuHNerJerHfrY9ZasPKZffgD6/MHPuGUcg==</latexit>

ma(t1) = H1
<latexit sha1_base64="QstdP3JP1TmwzE5hqImnfQ71jKQ=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2W3CnoRil56rGBtoV2WbJptQ5PskswKZenf8OJBEa/+GW/+G9N2D9r6YODx3gwz88JEcAOu++0U1tY3NreK26Wd3b39g/Lh0aOJU01Zm8Yi1t2QGCa4Ym3gIFg30YzIULBOOL6b+Z0npg2P1QNMEuZLMlQ84pSAlfoyIFUIvPObZuAF5Ypbc+fAq8TLSQXlaAXlr/4gpqlkCqggxvQ8NwE/Ixo4FWxa6qeGJYSOyZD1LFVEMuNn85un+MwqAxzF2pYCPFd/T2REGjORoe2UBEZm2ZuJ/3m9FKJrP+MqSYEpulgUpQJDjGcB4AHXjIKYWEKo5vZWTEdEEwo2ppINwVt+eZU81mveRa1+f1lp3OZxFNEJOkVV5KEr1EBN1EJtRFGCntErenNS58V5dz4WrQUnnzlGf+B8/gBO2ZCN</latexit>
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Substructure: Power spectrum
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<latexit sha1_base64="JISU2WzhQjvnAsGD2tTpnbpv2BI="></latexit>

‣Structure appears at scales much 
smaller than L1 

‣Power spectrum of ALP is 
significantly different from QCD 
axion case 

L1 =
1

a1H1<latexit sha1_base64="iyiC8cKgEHIXtIm3UEzrCeD0ScY=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNS7AInkq2CnoRil568FDBtkIbwma7aZduNmF3I9RQ/CtePCji1f/hzX/jts1BWx8MPN6bYWZekHCmtOt+W4Wl5ZXVteJ6aWNza3vH3t1rqTiVhDZJzGN5H2BFORO0qZnm9D6RFEcBp+1geD3x2w9UKhaLOz1KqBfhvmAhI1gbybcPbnx02Q0lJhkaZ9hHdR+NfbvsVtwpnEWCclKGHA3f/ur2YpJGVGjCsVId5Cbay7DUjHA6LnVTRRNMhrhPO4YKHFHlZdPrx86xUXpOGEtTQjtT9fdEhiOlRlFgOiOsB2rem4j/eZ1UhxdexkSSairIbFGYckfHziQKp8ckJZqPDMFEMnOrQwbYRKFNYCUTApp/eZG0qhV0WqnenpVrV3kcRTiEIzgBBOdQgzo0oAkEHuEZXuHNerJerHfrY9ZasPKZffgD6/MHPuGUcg==</latexit>

ma(t1) = H1
<latexit sha1_base64="QstdP3JP1TmwzE5hqImnfQ71jKQ=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2W3CnoRil56rGBtoV2WbJptQ5PskswKZenf8OJBEa/+GW/+G9N2D9r6YODx3gwz88JEcAOu++0U1tY3NreK26Wd3b39g/Lh0aOJU01Zm8Yi1t2QGCa4Ym3gIFg30YzIULBOOL6b+Z0npg2P1QNMEuZLMlQ84pSAlfoyIFUIvPObZuAF5Ypbc+fAq8TLSQXlaAXlr/4gpqlkCqggxvQ8NwE/Ixo4FWxa6qeGJYSOyZD1LFVEMuNn85un+MwqAxzF2pYCPFd/T2REGjORoe2UBEZm2ZuJ/3m9FKJrP+MqSYEpulgUpQJDjGcB4AHXjIKYWEKo5vZWTEdEEwo2ppINwVt+eZU81mveRa1+f1lp3OZxFNEJOkVV5KEr1EBN1EJtRFGCntErenNS58V5dz4WrQUnnzlGf+B8/gBO2ZCN</latexit>
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Substructure: Minicluster seeds

Small-scale power in the axion field 
can lead to miniclusters around 
equality 

M1 =
4⇡

3
h⇢aiL3

1 ⇠ 10�12M�
<latexit sha1_base64="rOIjs5Joqd6RXME0v7ESIVrbjng="></latexit>

Implemented a modified PS 
prescription to estimate halo-mass 
function  

�c =
1.686

3

2 + 3a/aeq
a/aeq

<latexit sha1_base64="0hnxE8ZvpDxG4DVdxIkJtzvklx8=">AAACJXicbVDLSgNBEJz1bXxFPXoZDIIgxN1E1IOC6MVjBKNCNiy9k95kyOzDmVkhLPszXvwVLx4MInjyV5w8DppYMFBd1U1Pl58IrrRtf1kzs3PzC4tLy4WV1bX1jeLm1p2KU8mwzmIRywcfFAoeYV1zLfAhkQihL/De714N/PsnlIrH0a3uJdgMoR3xgDPQRvKKZ24LhQaPnbuBBJY55ePT4zyr5qOyclCFQ/AyV4YUH/M8+1N5xZJdtoeg08QZkxIZo+YV+24rZmmIkWYClGo4dqKbGUjNmcC84KYKE2BdaGPD0AhCVM1seGVO94zSokEszYs0Haq/JzIIleqFvukMQXfUpDcQ//MaqQ5OmxmPklRjxEaLglRQHdNBZLTFJTIteoYAk9z8lbIOmHi0CbZgQnAmT54md5WyUy1Xbo5KF5fjOJbIDtkl+8QhJ+SCXJMaqRNGnskreSd968V6sz6sz1HrjDWe2SZ/YH3/APUnpPQ=</latexit>
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Dark Matter: Axions vs ALPs
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Cold axions produced coherently 
after few field oscillations

t
<latexit sha1_base64="btWuKJH9/rrCxCKL5tGKBdwWU5A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4XeM/A==</latexit>

✓
<latexit sha1_base64="VRbFNfU2yJrhxTioHNG9u2eQ22g=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSqlW9i2rt/rJSv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/pUWPLA==</latexit>

⇢(t) = ma(t1)maf
2
a h✓2i i

✓
a(t1)

a(t)

◆3

<latexit sha1_base64="ZpYpQlJW1S8UbyH6O/dinhPSmpE="></latexit>

h✓2i i = ⇡2/3
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Standard linear

Measured number of axions  
at the end of our simulations
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Standard linear

Measured number of axions  
at the end of our simulations

Large  values are less efficient than  
standard misalignment estimation

n
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‣ Our results assume small string tension 
when defects collapse  

‣ Extrapolation can lead to substantially 
different results  

‣ Adding string tension might affect  

more at small n

Gorghetto et al. [2007.04990 ]
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For the QCD axion  efficiency  
seems to be comparable 
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‣ Extrapolation can lead to substantially 
different results  

‣ Adding string tension might affect  

more at small n
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For the QCD axion  efficiency  
seems to be comparable  

The effect of string tension  
enhances results for  

Might be larger for  

n = 2

n = 0

10/11

https://arxiv.org/abs/2007.04990


1

2

3

4

5

6

7

n a
/m

1
f2 a

R
3 1

Linear Misalignment hq2
i i = p2/3

nmis
a Nonlinear Misalignment

na Misalignment + Strings

0 2 4 6 8
n

0.50

0.75

1.00

1.25

n a
/n

m
is

a

Fit
Data

Dark Matter: Axions vs ALPs

‣Axion production efficiency has a 
substantial variation with n 

‣ALPs are produced more efficiently 
than QCD axions due to strings and 
walls   

‣At large string tension results are 
likely different, especially at small n

10/11



Conclusions

➤ Performed high resolution simulations for class of axion-like 
particle models 

➤ Simulating ALPs and QCD axions lead to different results in 
dark matter production and substructure   

➤ QCD axions have more small scale power leading to much 
large overdensities with respect to ALPs 

➤ ALPs have a more efficient production, we expect this 
qualitatively to hold even at large (physical) values of string 
tension 
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Thank you for watching! 


