
Fun with axions and axion strings

Anson Hook
University of Maryland 



• Solves the strong CP problem

• Explains why the neutron eDM is small

• Natural dark matter candidate

• Unique experimental signatures

• Measurement of the fundamental value of 

electric charge

Axions



Anomalies

A is the ’t Hooft anomaly of the axion

Axion is periodic but coupling is not
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Periodicity of theta

What does this periodicity teach us?

Witten effect qe =
⇣ eg

2⇡

⌘ ✓e

2⇡
=

e

emin

✓e

2⇡
<latexit sha1_base64="LU4HAlX9zCRFx6RUD2QYl8D/SE8="></latexit><latexit sha1_base64="LU4HAlX9zCRFx6RUD2QYl8D/SE8="></latexit><latexit sha1_base64="LU4HAlX9zCRFx6RUD2QYl8D/SE8="></latexit><latexit sha1_base64="LU4HAlX9zCRFx6RUD2QYl8D/SE8="></latexit>

✓ = ✓ + 2⇡A
<latexit sha1_base64="bHPq+zUvE7fcCEFsF5W/PAU2mcs=">AAACDHicbVDLSgNBEJz1GeMr6tHLYBAEIewGQS9C1IvHCOYB2RB6J7PJkNkHM71CWPIBXvwVLx4U8eoHePNvnE32oIkFA0VVNdNdXiyFRtv+tpaWV1bX1gsbxc2t7Z3d0t5+U0eJYrzBIhmptgeaSxHyBgqUvB0rDoEnecsb3WR+64ErLaLwHscx7wYwCIUvGKCReqWyi0OOQC9pTk5plbqxoG4AOGQg06uJSdkVewq6SJyclEmOeq/05fYjlgQ8RCZB645jx9hNQaFgkk+KbqJ5DGwEA94xNISA6246PWZCj43Sp36kzAuRTtXfEykEWo8DzySzFfW8l4n/eZ0E/YtuKsI4QR6y2Ud+IilGNGuG9oXiDOXYEGBKmF0pG4IChqa/oinBmT95kTSrFceuOHdn5dp1XkeBHJIjckIcck5q5JbUSYMw8kieySt5s56sF+vd+phFl6x85oD8gfX5A13Cmes=</latexit><latexit sha1_base64="bHPq+zUvE7fcCEFsF5W/PAU2mcs=">AAACDHicbVDLSgNBEJz1GeMr6tHLYBAEIewGQS9C1IvHCOYB2RB6J7PJkNkHM71CWPIBXvwVLx4U8eoHePNvnE32oIkFA0VVNdNdXiyFRtv+tpaWV1bX1gsbxc2t7Z3d0t5+U0eJYrzBIhmptgeaSxHyBgqUvB0rDoEnecsb3WR+64ErLaLwHscx7wYwCIUvGKCReqWyi0OOQC9pTk5plbqxoG4AOGQg06uJSdkVewq6SJyclEmOeq/05fYjlgQ8RCZB645jx9hNQaFgkk+KbqJ5DGwEA94xNISA6246PWZCj43Sp36kzAuRTtXfEykEWo8DzySzFfW8l4n/eZ0E/YtuKsI4QR6y2Ud+IilGNGuG9oXiDOXYEGBKmF0pG4IChqa/oinBmT95kTSrFceuOHdn5dp1XkeBHJIjckIcck5q5JbUSYMw8kieySt5s56sF+vd+phFl6x85oD8gfX5A13Cmes=</latexit><latexit sha1_base64="bHPq+zUvE7fcCEFsF5W/PAU2mcs=">AAACDHicbVDLSgNBEJz1GeMr6tHLYBAEIewGQS9C1IvHCOYB2RB6J7PJkNkHM71CWPIBXvwVLx4U8eoHePNvnE32oIkFA0VVNdNdXiyFRtv+tpaWV1bX1gsbxc2t7Z3d0t5+U0eJYrzBIhmptgeaSxHyBgqUvB0rDoEnecsb3WR+64ErLaLwHscx7wYwCIUvGKCReqWyi0OOQC9pTk5plbqxoG4AOGQg06uJSdkVewq6SJyclEmOeq/05fYjlgQ8RCZB645jx9hNQaFgkk+KbqJ5DGwEA94xNISA6246PWZCj43Sp36kzAuRTtXfEykEWo8DzySzFfW8l4n/eZ0E/YtuKsI4QR6y2Ud+IilGNGuG9oXiDOXYEGBKmF0pG4IChqa/oinBmT95kTSrFceuOHdn5dp1XkeBHJIjckIcck5q5JbUSYMw8kieySt5s56sF+vd+phFl6x85oD8gfX5A13Cmes=</latexit><latexit sha1_base64="bHPq+zUvE7fcCEFsF5W/PAU2mcs=">AAACDHicbVDLSgNBEJz1GeMr6tHLYBAEIewGQS9C1IvHCOYB2RB6J7PJkNkHM71CWPIBXvwVLx4U8eoHePNvnE32oIkFA0VVNdNdXiyFRtv+tpaWV1bX1gsbxc2t7Z3d0t5+U0eJYrzBIhmptgeaSxHyBgqUvB0rDoEnecsb3WR+64ErLaLwHscx7wYwCIUvGKCReqWyi0OOQC9pTk5plbqxoG4AOGQg06uJSdkVewq6SJyclEmOeq/05fYjlgQ8RCZB645jx9hNQaFgkk+KbqJ5DGwEA94xNISA6246PWZCj43Sp36kzAuRTtXfEykEWo8DzySzFfW8l4n/eZ0E/YtuKsI4QR6y2Ud+IilGNGuG9oXiDOXYEGBKmF0pG4IChqa/oinBmT95kTSrFceuOHdn5dp1XkeBHJIjckIcck5q5JbUSYMw8kieySt5s56sF+vd+phFl6x85oD8gfX5A13Cmes=</latexit>

Not periodic!

Need many monopoles that are exchanged



Periodicity of theta
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q�2(✓)
<latexit sha1_base64="9FQidNjqG40/ou5IBZU9n2ofYnU=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9WBJiqDHohePFewHtCFstpt26WYTdydCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpAIrsFxvq3C2vrG5lZxu7Szu7dftg8O2zpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWC8c3M7zwypXks72GSMC8iQ8lDTgkYybfLD352Xp/iah9GDMiZb1ecmjMHXiVuTiooR9O3v/qDmKYRk0AF0brnOgl4GVHAqWDTUj/VLCF0TIasZ6gkEdNeNj98ik+NMsBhrExJwHP190RGIq0nUWA6IwIjvezNxP+8XgrhlZdxmaTAJF0sClOBIcazFPCAK0ZBTAwhVHFzK6YjoggFk1XJhOAuv7xK2vWa69Tcu4tK4zqPo4iO0QmqIhddoga6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz90o5JL</latexit><latexit sha1_base64="9FQidNjqG40/ou5IBZU9n2ofYnU=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9WBJiqDHohePFewHtCFstpt26WYTdydCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpAIrsFxvq3C2vrG5lZxu7Szu7dftg8O2zpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWC8c3M7zwypXks72GSMC8iQ8lDTgkYybfLD352Xp/iah9GDMiZb1ecmjMHXiVuTiooR9O3v/qDmKYRk0AF0brnOgl4GVHAqWDTUj/VLCF0TIasZ6gkEdNeNj98ik+NMsBhrExJwHP190RGIq0nUWA6IwIjvezNxP+8XgrhlZdxmaTAJF0sClOBIcazFPCAK0ZBTAwhVHFzK6YjoggFk1XJhOAuv7xK2vWa69Tcu4tK4zqPo4iO0QmqIhddoga6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz90o5JL</latexit><latexit sha1_base64="9FQidNjqG40/ou5IBZU9n2ofYnU=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9WBJiqDHohePFewHtCFstpt26WYTdydCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpAIrsFxvq3C2vrG5lZxu7Szu7dftg8O2zpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWC8c3M7zwypXks72GSMC8iQ8lDTgkYybfLD352Xp/iah9GDMiZb1ecmjMHXiVuTiooR9O3v/qDmKYRk0AF0brnOgl4GVHAqWDTUj/VLCF0TIasZ6gkEdNeNj98ik+NMsBhrExJwHP190RGIq0nUWA6IwIjvezNxP+8XgrhlZdxmaTAJF0sClOBIcazFPCAK0ZBTAwhVHFzK6YjoggFk1XJhOAuv7xK2vWa69Tcu4tK4zqPo4iO0QmqIhddoga6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz90o5JL</latexit><latexit sha1_base64="9FQidNjqG40/ou5IBZU9n2ofYnU=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9WBJiqDHohePFewHtCFstpt26WYTdydCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpAIrsFxvq3C2vrG5lZxu7Szu7dftg8O2zpOFWUtGotYdQOimeCStYCDYN1EMRIFgnWC8c3M7zwypXks72GSMC8iQ8lDTgkYybfLD352Xp/iah9GDMiZb1ecmjMHXiVuTiooR9O3v/qDmKYRk0AF0brnOgl4GVHAqWDTUj/VLCF0TIasZ6gkEdNeNj98ik+NMsBhrExJwHP190RGIq0nUWA6IwIjvezNxP+8XgrhlZdxmaTAJF0sClOBIcazFPCAK0ZBTAwhVHFzK6YjoggFk1XJhOAuv7xK2vWa69Tcu4tK4zqPo4iO0QmqIhddoga6RU3UQhSl6Bm9ojfryXqx3q2PRWvBymeO0B9Ynz90o5JL</latexit>

q0(✓)
<latexit sha1_base64="XD/+FbAsUrsoXHu2fNT/JXxGXt4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QrGF2MkmGzM6uM71KWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95iPXRkTqDscx90M6UKIvGEUr3T90U3dCyh0ccqSn3WLJrbgzkGXiZaQEGWrd4lenF7Ek5AqZpMa0PTdGP6UaBZN8UugkhseUjeiAty1VNOTGT2dXT8iJVXqkH2lbCslM/T2R0tCYcRjYzpDi0Cx6U/E/r51g/9JPhYoT5IrNF/UTSTAi0whIT2jOUI4toUwLeythQ6opQxtUwYbgLb68TBpnFc+teLfnpepVFkcejuAYyuDBBVThBmpQBwYanuEV3pwn58V5dz7mrTknmzmEP3A+fwCNV5Hh</latexit><latexit sha1_base64="XD/+FbAsUrsoXHu2fNT/JXxGXt4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QrGF2MkmGzM6uM71KWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95iPXRkTqDscx90M6UKIvGEUr3T90U3dCyh0ccqSn3WLJrbgzkGXiZaQEGWrd4lenF7Ek5AqZpMa0PTdGP6UaBZN8UugkhseUjeiAty1VNOTGT2dXT8iJVXqkH2lbCslM/T2R0tCYcRjYzpDi0Cx6U/E/r51g/9JPhYoT5IrNF/UTSTAi0whIT2jOUI4toUwLeythQ6opQxtUwYbgLb68TBpnFc+teLfnpepVFkcejuAYyuDBBVThBmpQBwYanuEV3pwn58V5dz7mrTknmzmEP3A+fwCNV5Hh</latexit><latexit sha1_base64="XD/+FbAsUrsoXHu2fNT/JXxGXt4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QrGF2MkmGzM6uM71KWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95iPXRkTqDscx90M6UKIvGEUr3T90U3dCyh0ccqSn3WLJrbgzkGXiZaQEGWrd4lenF7Ek5AqZpMa0PTdGP6UaBZN8UugkhseUjeiAty1VNOTGT2dXT8iJVXqkH2lbCslM/T2R0tCYcRjYzpDi0Cx6U/E/r51g/9JPhYoT5IrNF/UTSTAi0whIT2jOUI4toUwLeythQ6opQxtUwYbgLb68TBpnFc+teLfnpepVFkcejuAYyuDBBVThBmpQBwYanuEV3pwn58V5dz7mrTknmzmEP3A+fwCNV5Hh</latexit><latexit sha1_base64="XD/+FbAsUrsoXHu2fNT/JXxGXt4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QrGF2MkmGzM6uM71KWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95iPXRkTqDscx90M6UKIvGEUr3T90U3dCyh0ccqSn3WLJrbgzkGXiZaQEGWrd4lenF7Ek5AqZpMa0PTdGP6UaBZN8UugkhseUjeiAty1VNOTGT2dXT8iJVXqkH2lbCslM/T2R0tCYcRjYzpDi0Cx6U/E/r51g/9JPhYoT5IrNF/UTSTAi0whIT2jOUI4toUwLeythQ6opQxtUwYbgLb68TBpnFc+teLfnpepVFkcejuAYyuDBBVThBmpQBwYanuEV3pwn58V5dz7mrTknmzmEP3A+fwCNV5Hh</latexit>

q1(✓)
<latexit sha1_base64="yNFFh6/xFNlf3b9ItPSIUA9QVQc=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QrGF20kmGzM6uM71KWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa6FTADUiioo0AJrVgDCwMJzWB0PfWbj6CNiNQdjmPwQzZQoi84QyvdP3RTb0LLHRwCstNuseRW3BnoMvEyUiIZat3iV6cX8SQEhVwyY9qeG6OfMo2CS5gUOomBmPERG0DbUsVCMH46u3pCT6zSo/1I21JIZ+rviZSFxozDwHaGDIdm0ZuK/3ntBPuXfipUnCAoPl/UTyTFiE4joD2hgaMcW8K4FvZWyodMM442qIINwVt8eZk0ziqeW/Fuz0vVqyyOPDkix6RMPHJBquSG1EidcKLJM3klb86T8+K8Ox/z1pyTzRySP3A+fwCO5ZHi</latexit><latexit sha1_base64="yNFFh6/xFNlf3b9ItPSIUA9QVQc=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QrGF20kmGzM6uM71KWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa6FTADUiioo0AJrVgDCwMJzWB0PfWbj6CNiNQdjmPwQzZQoi84QyvdP3RTb0LLHRwCstNuseRW3BnoMvEyUiIZat3iV6cX8SQEhVwyY9qeG6OfMo2CS5gUOomBmPERG0DbUsVCMH46u3pCT6zSo/1I21JIZ+rviZSFxozDwHaGDIdm0ZuK/3ntBPuXfipUnCAoPl/UTyTFiE4joD2hgaMcW8K4FvZWyodMM442qIINwVt8eZk0ziqeW/Fuz0vVqyyOPDkix6RMPHJBquSG1EidcKLJM3klb86T8+K8Ox/z1pyTzRySP3A+fwCO5ZHi</latexit><latexit sha1_base64="yNFFh6/xFNlf3b9ItPSIUA9QVQc=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QrGF20kmGzM6uM71KWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa6FTADUiioo0AJrVgDCwMJzWB0PfWbj6CNiNQdjmPwQzZQoi84QyvdP3RTb0LLHRwCstNuseRW3BnoMvEyUiIZat3iV6cX8SQEhVwyY9qeG6OfMo2CS5gUOomBmPERG0DbUsVCMH46u3pCT6zSo/1I21JIZ+rviZSFxozDwHaGDIdm0ZuK/3ntBPuXfipUnCAoPl/UTyTFiE4joD2hgaMcW8K4FvZWyodMM442qIINwVt8eZk0ziqeW/Fuz0vVqyyOPDkix6RMPHJBquSG1EidcKLJM3klb86T8+K8Ox/z1pyTzRySP3A+fwCO5ZHi</latexit><latexit sha1_base64="yNFFh6/xFNlf3b9ItPSIUA9QVQc=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMQL2FXBD0GvXiMYB6QrGF20kmGzM6uM71KWPIfXjwo4tV/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEc6jzSEa6FTADUiioo0AJrVgDCwMJzWB0PfWbj6CNiNQdjmPwQzZQoi84QyvdP3RTb0LLHRwCstNuseRW3BnoMvEyUiIZat3iV6cX8SQEhVwyY9qeG6OfMo2CS5gUOomBmPERG0DbUsVCMH46u3pCT6zSo/1I21JIZ+rviZSFxozDwHaGDIdm0ZuK/3ntBPuXfipUnCAoPl/UTyTFiE4joD2hgaMcW8K4FvZWyodMM442qIINwVt8eZk0ziqeW/Fuz0vVqyyOPDkix6RMPHJBquSG1EidcKLJM3klb86T8+K8Ox/z1pyTzRySP3A+fwCO5ZHi</latexit>

q2(✓)
<latexit sha1_base64="FIueB7u1p9FWk1+TlLha+BAtJeg=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJewGQY9BLx4jmAcka5iddJIhs7PrTK8SlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiOdR5JCPdCpgBKRTUUaCEVqyBhYGEZjC6nvrNR9BGROoOxzH4IRso0RecoZXuH7ppZUJLHRwCsrNuoeiW3RnoMvEyUiQZat3CV6cX8SQEhVwyY9qeG6OfMo2CS5jkO4mBmPERG0DbUsVCMH46u3pCT63So/1I21JIZ+rviZSFxozDwHaGDIdm0ZuK/3ntBPuXfipUnCAoPl/UTyTFiE4joD2hgaMcW8K4FvZWyodMM442qLwNwVt8eZk0KmXPLXu358XqVRZHjhyTE1IiHrkgVXJDaqROONHkmbySN+fJeXHenY9564qTzRyRP3A+fwCQc5Hj</latexit><latexit sha1_base64="FIueB7u1p9FWk1+TlLha+BAtJeg=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJewGQY9BLx4jmAcka5iddJIhs7PrTK8SlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiOdR5JCPdCpgBKRTUUaCEVqyBhYGEZjC6nvrNR9BGROoOxzH4IRso0RecoZXuH7ppZUJLHRwCsrNuoeiW3RnoMvEyUiQZat3CV6cX8SQEhVwyY9qeG6OfMo2CS5jkO4mBmPERG0DbUsVCMH46u3pCT63So/1I21JIZ+rviZSFxozDwHaGDIdm0ZuK/3ntBPuXfipUnCAoPl/UTyTFiE4joD2hgaMcW8K4FvZWyodMM442qLwNwVt8eZk0KmXPLXu358XqVRZHjhyTE1IiHrkgVXJDaqROONHkmbySN+fJeXHenY9564qTzRyRP3A+fwCQc5Hj</latexit><latexit sha1_base64="FIueB7u1p9FWk1+TlLha+BAtJeg=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJewGQY9BLx4jmAcka5iddJIhs7PrTK8SlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiOdR5JCPdCpgBKRTUUaCEVqyBhYGEZjC6nvrNR9BGROoOxzH4IRso0RecoZXuH7ppZUJLHRwCsrNuoeiW3RnoMvEyUiQZat3CV6cX8SQEhVwyY9qeG6OfMo2CS5jkO4mBmPERG0DbUsVCMH46u3pCT63So/1I21JIZ+rviZSFxozDwHaGDIdm0ZuK/3ntBPuXfipUnCAoPl/UTyTFiE4joD2hgaMcW8K4FvZWyodMM442qLwNwVt8eZk0KmXPLXu358XqVRZHjhyTE1IiHrkgVXJDaqROONHkmbySN+fJeXHenY9564qTzRyRP3A+fwCQc5Hj</latexit><latexit sha1_base64="FIueB7u1p9FWk1+TlLha+BAtJeg=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBDiJewGQY9BLx4jmAcka5iddJIhs7PrTK8SlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiOdR5JCPdCpgBKRTUUaCEVqyBhYGEZjC6nvrNR9BGROoOxzH4IRso0RecoZXuH7ppZUJLHRwCsrNuoeiW3RnoMvEyUiQZat3CV6cX8SQEhVwyY9qeG6OfMo2CS5jkO4mBmPERG0DbUsVCMH46u3pCT63So/1I21JIZ+rviZSFxozDwHaGDIdm0ZuK/3ntBPuXfipUnCAoPl/UTyTFiE4joD2hgaMcW8K4FvZWyodMM442qLwNwVt8eZk0KmXPLXu358XqVRZHjhyTE1IiHrkgVXJDaqROONHkmbySN+fJeXHenY9564qTzRyRP3A+fwCQc5Hj</latexit>

✓ ! ✓ + 2⇡A
<latexit sha1_base64="HIkdM5JYcfJIdVj1dYjw6+2Iv9U=">AAACFnicbVDLSgNBEJyNrxhfUY9eBoMgiGE3CHqMevEYwTwgG0LvZJIdMvtgplcJS77Ci7/ixYMiXsWbf+Mk2YMmFjQUVd10d3mxFBpt+9vKLS2vrK7l1wsbm1vbO8XdvYaOEsV4nUUyUi0PNJci5HUUKHkrVhwCT/KmN7ye+M17rrSIwjscxbwTwCAUfcEAjdQtnrrocwTqKjHwEZSKHmgmndAKdWNB3QDQZyDTy3G3WLLL9hR0kTgZKZEMtW7xy+1FLAl4iEyC1m3HjrGTgkLBJB8X3ETzGNgQBrxtaAgB1510+taYHhmlR/uRMhUinaq/J1IItB4FnumcnKjnvYn4n9dOsH/RSUUYJ8hDNlvUTyTFiE4yoj2hOEM5MgSYEuZWynxQwNAkWTAhOPMvL5JGpezYZef2rFS9yuLIkwNySI6JQ85JldyQGqkTRh7JM3klb9aT9WK9Wx+z1pyVzeyTP7A+fwAoSZ63</latexit><latexit sha1_base64="HIkdM5JYcfJIdVj1dYjw6+2Iv9U=">AAACFnicbVDLSgNBEJyNrxhfUY9eBoMgiGE3CHqMevEYwTwgG0LvZJIdMvtgplcJS77Ci7/ixYMiXsWbf+Mk2YMmFjQUVd10d3mxFBpt+9vKLS2vrK7l1wsbm1vbO8XdvYaOEsV4nUUyUi0PNJci5HUUKHkrVhwCT/KmN7ye+M17rrSIwjscxbwTwCAUfcEAjdQtnrrocwTqKjHwEZSKHmgmndAKdWNB3QDQZyDTy3G3WLLL9hR0kTgZKZEMtW7xy+1FLAl4iEyC1m3HjrGTgkLBJB8X3ETzGNgQBrxtaAgB1510+taYHhmlR/uRMhUinaq/J1IItB4FnumcnKjnvYn4n9dOsH/RSUUYJ8hDNlvUTyTFiE4yoj2hOEM5MgSYEuZWynxQwNAkWTAhOPMvL5JGpezYZef2rFS9yuLIkwNySI6JQ85JldyQGqkTRh7JM3klb9aT9WK9Wx+z1pyVzeyTP7A+fwAoSZ63</latexit><latexit sha1_base64="HIkdM5JYcfJIdVj1dYjw6+2Iv9U=">AAACFnicbVDLSgNBEJyNrxhfUY9eBoMgiGE3CHqMevEYwTwgG0LvZJIdMvtgplcJS77Ci7/ixYMiXsWbf+Mk2YMmFjQUVd10d3mxFBpt+9vKLS2vrK7l1wsbm1vbO8XdvYaOEsV4nUUyUi0PNJci5HUUKHkrVhwCT/KmN7ye+M17rrSIwjscxbwTwCAUfcEAjdQtnrrocwTqKjHwEZSKHmgmndAKdWNB3QDQZyDTy3G3WLLL9hR0kTgZKZEMtW7xy+1FLAl4iEyC1m3HjrGTgkLBJB8X3ETzGNgQBrxtaAgB1510+taYHhmlR/uRMhUinaq/J1IItB4FnumcnKjnvYn4n9dOsH/RSUUYJ8hDNlvUTyTFiE4yoj2hOEM5MgSYEuZWynxQwNAkWTAhOPMvL5JGpezYZef2rFS9yuLIkwNySI6JQ85JldyQGqkTRh7JM3klb9aT9WK9Wx+z1pyVzeyTP7A+fwAoSZ63</latexit><latexit sha1_base64="HIkdM5JYcfJIdVj1dYjw6+2Iv9U=">AAACFnicbVDLSgNBEJyNrxhfUY9eBoMgiGE3CHqMevEYwTwgG0LvZJIdMvtgplcJS77Ci7/ixYMiXsWbf+Mk2YMmFjQUVd10d3mxFBpt+9vKLS2vrK7l1wsbm1vbO8XdvYaOEsV4nUUyUi0PNJci5HUUKHkrVhwCT/KmN7ye+M17rrSIwjscxbwTwCAUfcEAjdQtnrrocwTqKjHwEZSKHmgmndAKdWNB3QDQZyDTy3G3WLLL9hR0kTgZKZEMtW7xy+1FLAl4iEyC1m3HjrGTgkLBJB8X3ETzGNgQBrxtaAgB1510+taYHhmlR/uRMhUinaq/J1IItB4FnumcnKjnvYn4n9dOsH/RSUUYJ8hDNlvUTyTFiE4yoj2hOEM5MgSYEuZWynxQwNAkWTAhOPMvL5JGpezYZef2rFS9yuLIkwNySI6JQ85JldyQGqkTRh7JM3klb9aT9WK9Wx+z1pyVzeyTP7A+fwAoSZ63</latexit>

qn(✓ + 2⇡A) = qn+1(✓)
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Periodicity gives difference in 
charge between various 

monopoles

Fundamental electric 
charge of monopoles �qe = emin =

p
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Fractional anomaly necessarily implies fractional 
electric charge is the minimal charge
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1 Introduction

The ultraviolet structure of the standard model is one of the most fundamental questions in particle
physics. In general, it is a daunting task to unearth high-energy properties of the theory from low-
energy observations. However, there is a unique type of interaction that contains universal information
about the fundamental theory unpolluted by intervening physics. This special type of interaction is a
topological interaction [1]. In this paper, we consider the topological coupling of a compact pseudo-
scalar—an axion—with photons,

L =
A↵em

4⇡

a

f
F eF (1.1)

where 2⇡f is the periodicity of the axion a, ↵em is the fine structure constant, and A is the anomaly
coe�cient for the mixed anomaly between electromagnetism and the continuous shift symmetry of
the axion. Anomaly matching fixes the form of the interaction at any scale [2], such that the rational
number A is not renormalized and intervening physics between the high energy scale and the low

– 1 –

Can we measure it?

Anomaly gives us information about the 
quantization of electric charge
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1 Introduction

The ultraviolet structure of the standard model is one of the most fundamental questions in particle
physics. In general, it is a daunting task to unearth high-energy properties of the theory from low-
energy observations. However, there is a unique type of interaction that contains universal information
about the fundamental theory unpolluted by intervening physics. This special type of interaction is a
topological interaction [1]. In this paper, we consider the topological coupling of a compact pseudo-
scalar—an axion—with photons,

L =
A↵em

4⇡
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F eF (1.1)

where 2⇡f is the periodicity of the axion a, ↵em is the fine structure constant, and A is the anomaly
coe�cient for the mixed anomaly between electromagnetism and the continuous shift symmetry of
the axion. Anomaly matching fixes the form of the interaction at any scale [2], such that the rational
number A is not renormalized and intervening physics between the high energy scale and the low
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Decay constant RG runs : Wavefunction renormalization

Particle approach HARD
Anomaly - decay constant ambiguity and 

ambiguity coming from mixing effects

Need something independent of f
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<latexit sha1_base64="PSOO2GOakJ+dBHc1HwgzQ9p4Kxw=">AAACMHicbVDLSgMxFM3UV62vUZdugkWoCGWmCLosutBlBfvATimZNNOGZh4kd5Qy9JPc+Cm6UVDErV9hph2hth4IHM65h9x73EhwBZb1ZuSWlldW1/LrhY3Nre0dc3evocJYUlanoQhlyyWKCR6wOnAQrBVJRnxXsKY7vEz95j2TiofBLYwi1vFJP+AepwS01DWvHE8SmpBx4o2xI3l/AETK8AHP6ie4gp2IY0cwD3AJOz6Bgesmd78RfNw1i1bZmgAvEjsjRZSh1jWfnV5IY58FQAVRqm1bEXQSIoFTwcYFJ1YsInRI+qytaUB8pjrJ5OAxPtJKD3uh1C8APFFnEwnxlRr5rp5MV1XzXir+57Vj8M47CQ+iGFhApx95scAQ4rQ93OOSURAjTQiVXO+K6YDopkB3XNAl2PMnL5JGpWxbZfvmtFi9yOrIowN0iErIRmeoiq5RDdURRY/oBb2jD+PJeDU+ja/paM7IMvvoD4zvH5JnqTQ=</latexit><latexit sha1_base64="PSOO2GOakJ+dBHc1HwgzQ9p4Kxw=">AAACMHicbVDLSgMxFM3UV62vUZdugkWoCGWmCLosutBlBfvATimZNNOGZh4kd5Qy9JPc+Cm6UVDErV9hph2hth4IHM65h9x73EhwBZb1ZuSWlldW1/LrhY3Nre0dc3evocJYUlanoQhlyyWKCR6wOnAQrBVJRnxXsKY7vEz95j2TiofBLYwi1vFJP+AepwS01DWvHE8SmpBx4o2xI3l/AETK8AHP6ie4gp2IY0cwD3AJOz6Bgesmd78RfNw1i1bZmgAvEjsjRZSh1jWfnV5IY58FQAVRqm1bEXQSIoFTwcYFJ1YsInRI+qytaUB8pjrJ5OAxPtJKD3uh1C8APFFnEwnxlRr5rp5MV1XzXir+57Vj8M47CQ+iGFhApx95scAQ4rQ93OOSURAjTQiVXO+K6YDopkB3XNAl2PMnL5JGpWxbZfvmtFi9yOrIowN0iErIRmeoiq5RDdURRY/oBb2jD+PJeDU+ja/paM7IMvvoD4zvH5JnqTQ=</latexit><latexit sha1_base64="PSOO2GOakJ+dBHc1HwgzQ9p4Kxw=">AAACMHicbVDLSgMxFM3UV62vUZdugkWoCGWmCLosutBlBfvATimZNNOGZh4kd5Qy9JPc+Cm6UVDErV9hph2hth4IHM65h9x73EhwBZb1ZuSWlldW1/LrhY3Nre0dc3evocJYUlanoQhlyyWKCR6wOnAQrBVJRnxXsKY7vEz95j2TiofBLYwi1vFJP+AepwS01DWvHE8SmpBx4o2xI3l/AETK8AHP6ie4gp2IY0cwD3AJOz6Bgesmd78RfNw1i1bZmgAvEjsjRZSh1jWfnV5IY58FQAVRqm1bEXQSIoFTwcYFJ1YsInRI+qytaUB8pjrJ5OAxPtJKD3uh1C8APFFnEwnxlRr5rp5MV1XzXir+57Vj8M47CQ+iGFhApx95scAQ4rQ93OOSURAjTQiVXO+K6YDopkB3XNAl2PMnL5JGpWxbZfvmtFi9yOrIowN0iErIRmeoiq5RDdURRY/oBb2jD+PJeDU+ja/paM7IMvvoD4zvH5JnqTQ=</latexit><latexit sha1_base64="PSOO2GOakJ+dBHc1HwgzQ9p4Kxw=">AAACMHicbVDLSgMxFM3UV62vUZdugkWoCGWmCLosutBlBfvATimZNNOGZh4kd5Qy9JPc+Cm6UVDErV9hph2hth4IHM65h9x73EhwBZb1ZuSWlldW1/LrhY3Nre0dc3evocJYUlanoQhlyyWKCR6wOnAQrBVJRnxXsKY7vEz95j2TiofBLYwi1vFJP+AepwS01DWvHE8SmpBx4o2xI3l/AETK8AHP6ie4gp2IY0cwD3AJOz6Bgesmd78RfNw1i1bZmgAvEjsjRZSh1jWfnV5IY58FQAVRqm1bEXQSIoFTwcYFJ1YsInRI+qytaUB8pjrJ5OAxPtJKD3uh1C8APFFnEwnxlRr5rp5MV1XzXir+57Vj8M47CQ+iGFhApx95scAQ4rQ93OOSURAjTQiVXO+K6YDopkB3XNAl2PMnL5JGpWxbZfvmtFi9yOrIowN0iErIRmeoiq5RDdURRY/oBb2jD+PJeDU+ja/paM7IMvvoD4zvH5JnqTQ=</latexit>



How to use the Axionic coupling

Many string properties are topological

Photons acquire phase as it 
moves around an axion string

Aharonov-Bohm Effect



How to use the Axionic coupling

Many string properties are topological

Strings are (super)-conductors

Faraday’s Law

Large currents

B field

v
<latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit>



Outline

• How strings affect photons

• Arahanov-Bohm effects

• CMB ways of looking for strings

• How photons affect strings

• Superconducting strings

• Colliding currents



Polarization Rotation

� =

Z
vdt = A↵em

�a

2⇡f
<latexit sha1_base64="LhQ4+Ud+/05efbE9ModgLYofW0c="></latexit><latexit sha1_base64="LhQ4+Ud+/05efbE9ModgLYofW0c="></latexit><latexit sha1_base64="LhQ4+Ud+/05efbE9ModgLYofW0c="></latexit><latexit sha1_base64="LhQ4+Ud+/05efbE9ModgLYofW0c="></latexit>

Phase rotation of circularly polarized light is a 
polarization rotation of linearly polarized light

Topological - depends only on initial 
and final value of the axion



Strings and photons - a love story

✓ =
a

f
<latexit sha1_base64="5YHYaiBbzM+ZgcVJsgz41ocMdaw=">AAAB/XicbVDLSgNBEJyNrxhf6+PmZTAInsKuCHoRgl48RjAxkA1hdtKbDJl9MNMrxGXxV7x4UMSr/+HNv3GS7EETCxqKqm66u/xECo2O822VlpZXVtfK65WNza3tHXt3r6XjVHFo8ljGqu0zDVJE0ESBEtqJAhb6Eu790fXEv38ApUUc3eE4gW7IBpEIBGdopJ594OEQkNFL6gWK8YzlWZD37KpTc6agi8QtSJUUaPTsL68f8zSECLlkWndcJ8FuxhQKLiGveKmGhPERG0DH0IiFoLvZ9PqcHhulT4NYmYqQTtXfExkLtR6HvukMGQ71vDcR//M6KQYX3UxESYoQ8dmiIJUUYzqJgvaFAo5ybAjjSphbKR8ykwKawComBHf+5UXSOq25Ts29PavWr4o4yuSQHJET4pJzUic3pEGahJNH8kxeyZv1ZL1Y79bHrLVkFTP75A+szx8345UR</latexit><latexit sha1_base64="5YHYaiBbzM+ZgcVJsgz41ocMdaw=">AAAB/XicbVDLSgNBEJyNrxhf6+PmZTAInsKuCHoRgl48RjAxkA1hdtKbDJl9MNMrxGXxV7x4UMSr/+HNv3GS7EETCxqKqm66u/xECo2O822VlpZXVtfK65WNza3tHXt3r6XjVHFo8ljGqu0zDVJE0ESBEtqJAhb6Eu790fXEv38ApUUc3eE4gW7IBpEIBGdopJ594OEQkNFL6gWK8YzlWZD37KpTc6agi8QtSJUUaPTsL68f8zSECLlkWndcJ8FuxhQKLiGveKmGhPERG0DH0IiFoLvZ9PqcHhulT4NYmYqQTtXfExkLtR6HvukMGQ71vDcR//M6KQYX3UxESYoQ8dmiIJUUYzqJgvaFAo5ybAjjSphbKR8ykwKawComBHf+5UXSOq25Ts29PavWr4o4yuSQHJET4pJzUic3pEGahJNH8kxeyZv1ZL1Y79bHrLVkFTP75A+szx8345UR</latexit><latexit sha1_base64="5YHYaiBbzM+ZgcVJsgz41ocMdaw=">AAAB/XicbVDLSgNBEJyNrxhf6+PmZTAInsKuCHoRgl48RjAxkA1hdtKbDJl9MNMrxGXxV7x4UMSr/+HNv3GS7EETCxqKqm66u/xECo2O822VlpZXVtfK65WNza3tHXt3r6XjVHFo8ljGqu0zDVJE0ESBEtqJAhb6Eu790fXEv38ApUUc3eE4gW7IBpEIBGdopJ594OEQkNFL6gWK8YzlWZD37KpTc6agi8QtSJUUaPTsL68f8zSECLlkWndcJ8FuxhQKLiGveKmGhPERG0DH0IiFoLvZ9PqcHhulT4NYmYqQTtXfExkLtR6HvukMGQ71vDcR//M6KQYX3UxESYoQ8dmiIJUUYzqJgvaFAo5ybAjjSphbKR8ykwKawComBHf+5UXSOq25Ts29PavWr4o4yuSQHJET4pJzUic3pEGahJNH8kxeyZv1ZL1Y79bHrLVkFTP75A+szx8345UR</latexit><latexit sha1_base64="5YHYaiBbzM+ZgcVJsgz41ocMdaw=">AAAB/XicbVDLSgNBEJyNrxhf6+PmZTAInsKuCHoRgl48RjAxkA1hdtKbDJl9MNMrxGXxV7x4UMSr/+HNv3GS7EETCxqKqm66u/xECo2O822VlpZXVtfK65WNza3tHXt3r6XjVHFo8ljGqu0zDVJE0ESBEtqJAhb6Eu790fXEv38ApUUc3eE4gW7IBpEIBGdopJ594OEQkNFL6gWK8YzlWZD37KpTc6agi8QtSJUUaPTsL68f8zSECLlkWndcJ8FuxhQKLiGveKmGhPERG0DH0IiFoLvZ9PqcHhulT4NYmYqQTtXfExkLtR6HvukMGQ71vDcR//M6KQYX3UxESYoQ8dmiIJUUYzqJgvaFAo5ybAjjSphbKR8ykwKawComBHf+5UXSOq25Ts29PavWr4o4yuSQHJET4pJzUic3pEGahJNH8kxeyZv1ZL1Y79bHrLVkFTP75A+szx8345UR</latexit>

Photon

String



Strings and photons - a love story

� =
A↵em

2⇡

�a

f
= A↵em

<latexit sha1_base64="ri/oyuggki1T9tET/BgASRNVYlA="></latexit><latexit sha1_base64="ri/oyuggki1T9tET/BgASRNVYlA="></latexit><latexit sha1_base64="ri/oyuggki1T9tET/BgASRNVYlA="></latexit><latexit sha1_base64="ri/oyuggki1T9tET/BgASRNVYlA="></latexit>

Large polarization rotation 
from traveling around a string!

Topological effect



Strings and photons - a love story

Axion String

Photon 1

θ = a/f

Photon 2

�1 =
A↵em

2⇡

�a

f
=

A↵em

2
<latexit sha1_base64="Zi7LY1I4q/RMJiwfpSN5lvTWoqc="></latexit><latexit sha1_base64="Zi7LY1I4q/RMJiwfpSN5lvTWoqc="></latexit><latexit sha1_base64="Zi7LY1I4q/RMJiwfpSN5lvTWoqc="></latexit><latexit sha1_base64="Zi7LY1I4q/RMJiwfpSN5lvTWoqc="></latexit>

�2 = �A↵em

2<latexit sha1_base64="oRsXusl5/20hptU4bYYCtDlPjnM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAhuLEkRdCNU3bisYB/QhHAznbRDZ5IwMxFKyG+48VfcuFDEpa78G6ePhbYeuHA4517uvSdMOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJOENknCE9kJQVHOYtrUTHPaSSUFEXLaDoc3Y7/9QKViSXyvRyn1BfRjFjEC2kiB7XiNAQtq+BKfYi+SQHJPgB4Q4PlVgT3g6QCC3JMCU1EUea0I7IpTdSbAi8SdkQqaoRHYn14vIZmgsSYclOq6Tqr9HKRmhNOi7GWKpkCG0KddQ2MQVPn55LMCHxulh6NEmoo1nqi/J3IQSo1EaDrHZ6t5byz+53UzHV34OYvTTNOYTBdFGcc6weOYcI9JSjQfGQJEMnMrJgMw+WgTZtmE4M6/vEhatarrVN27s0r9ehZHCR2iI3SCXHSO6ugWNVATEfSIntErerOerBfr3fqYti5Zs5kD9AfW1w9deZ/y</latexit><latexit sha1_base64="oRsXusl5/20hptU4bYYCtDlPjnM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAhuLEkRdCNU3bisYB/QhHAznbRDZ5IwMxFKyG+48VfcuFDEpa78G6ePhbYeuHA4517uvSdMOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJOENknCE9kJQVHOYtrUTHPaSSUFEXLaDoc3Y7/9QKViSXyvRyn1BfRjFjEC2kiB7XiNAQtq+BKfYi+SQHJPgB4Q4PlVgT3g6QCC3JMCU1EUea0I7IpTdSbAi8SdkQqaoRHYn14vIZmgsSYclOq6Tqr9HKRmhNOi7GWKpkCG0KddQ2MQVPn55LMCHxulh6NEmoo1nqi/J3IQSo1EaDrHZ6t5byz+53UzHV34OYvTTNOYTBdFGcc6weOYcI9JSjQfGQJEMnMrJgMw+WgTZtmE4M6/vEhatarrVN27s0r9ehZHCR2iI3SCXHSO6ugWNVATEfSIntErerOerBfr3fqYti5Zs5kD9AfW1w9deZ/y</latexit><latexit sha1_base64="oRsXusl5/20hptU4bYYCtDlPjnM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAhuLEkRdCNU3bisYB/QhHAznbRDZ5IwMxFKyG+48VfcuFDEpa78G6ePhbYeuHA4517uvSdMOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJOENknCE9kJQVHOYtrUTHPaSSUFEXLaDoc3Y7/9QKViSXyvRyn1BfRjFjEC2kiB7XiNAQtq+BKfYi+SQHJPgB4Q4PlVgT3g6QCC3JMCU1EUea0I7IpTdSbAi8SdkQqaoRHYn14vIZmgsSYclOq6Tqr9HKRmhNOi7GWKpkCG0KddQ2MQVPn55LMCHxulh6NEmoo1nqi/J3IQSo1EaDrHZ6t5byz+53UzHV34OYvTTNOYTBdFGcc6weOYcI9JSjQfGQJEMnMrJgMw+WgTZtmE4M6/vEhatarrVN27s0r9ehZHCR2iI3SCXHSO6ugWNVATEfSIntErerOerBfr3fqYti5Zs5kD9AfW1w9deZ/y</latexit><latexit sha1_base64="oRsXusl5/20hptU4bYYCtDlPjnM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAhuLEkRdCNU3bisYB/QhHAznbRDZ5IwMxFKyG+48VfcuFDEpa78G6ePhbYeuHA4517uvSdMOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJOENknCE9kJQVHOYtrUTHPaSSUFEXLaDoc3Y7/9QKViSXyvRyn1BfRjFjEC2kiB7XiNAQtq+BKfYi+SQHJPgB4Q4PlVgT3g6QCC3JMCU1EUea0I7IpTdSbAi8SdkQqaoRHYn14vIZmgsSYclOq6Tqr9HKRmhNOi7GWKpkCG0KddQ2MQVPn55LMCHxulh6NEmoo1nqi/J3IQSo1EaDrHZ6t5byz+53UzHV34OYvTTNOYTBdFGcc6weOYcI9JSjQfGQJEMnMrJgMw+WgTZtmE4M6/vEhatarrVN27s0r9ehZHCR2iI3SCXHSO6ugWNVATEfSIntErerOerBfr3fqYti5Zs5kD9AfW1w9deZ/y</latexit>

�� = A↵em
<latexit sha1_base64="d9kSc0PPzSmc1e9CRtlcSjt66eg=">AAACEnicbVDJSgNBEO1xjXEb9eilMQh6CTMi6EWIy8FjBLNAJoSaTiVp0j0zdPcIYcg3ePFXvHhQxKsnb/6NneWgiQ8KHu9VUVUvTATXxvO+nYXFpeWV1dxafn1jc2vb3dmt6jhVDCssFrGqh6BR8AgrhhuB9UQhyFBgLexfj/zaAyrN4+jeDBJsSuhGvMMZGCu13OPgBoUBGpR7nF7QQILpMRDZ5ZAGIJIetLJASYpy2HILXtEbg84Tf0oKZIpyy/0K2jFLJUaGCdC64XuJaWagDGcCh/kg1ZgA60MXG5ZGIFE3s/FLQ3polTbtxMpWZOhY/T2RgdR6IEPbOTpZz3oj8T+vkZrOeTPjUZIajNhkUScV1MR0lA9tc4XMiIElwBS3t1LWAwXM2BTzNgR/9uV5Uj0p+l7RvzstlK6mceTIPjkgR8QnZ6REbkmZVAgjj+SZvJI358l5cd6dj0nrgjOd2SN/4Hz+AA84nRo=</latexit><latexit sha1_base64="d9kSc0PPzSmc1e9CRtlcSjt66eg=">AAACEnicbVDJSgNBEO1xjXEb9eilMQh6CTMi6EWIy8FjBLNAJoSaTiVp0j0zdPcIYcg3ePFXvHhQxKsnb/6NneWgiQ8KHu9VUVUvTATXxvO+nYXFpeWV1dxafn1jc2vb3dmt6jhVDCssFrGqh6BR8AgrhhuB9UQhyFBgLexfj/zaAyrN4+jeDBJsSuhGvMMZGCu13OPgBoUBGpR7nF7QQILpMRDZ5ZAGIJIetLJASYpy2HILXtEbg84Tf0oKZIpyy/0K2jFLJUaGCdC64XuJaWagDGcCh/kg1ZgA60MXG5ZGIFE3s/FLQ3polTbtxMpWZOhY/T2RgdR6IEPbOTpZz3oj8T+vkZrOeTPjUZIajNhkUScV1MR0lA9tc4XMiIElwBS3t1LWAwXM2BTzNgR/9uV5Uj0p+l7RvzstlK6mceTIPjkgR8QnZ6REbkmZVAgjj+SZvJI358l5cd6dj0nrgjOd2SN/4Hz+AA84nRo=</latexit><latexit sha1_base64="d9kSc0PPzSmc1e9CRtlcSjt66eg=">AAACEnicbVDJSgNBEO1xjXEb9eilMQh6CTMi6EWIy8FjBLNAJoSaTiVp0j0zdPcIYcg3ePFXvHhQxKsnb/6NneWgiQ8KHu9VUVUvTATXxvO+nYXFpeWV1dxafn1jc2vb3dmt6jhVDCssFrGqh6BR8AgrhhuB9UQhyFBgLexfj/zaAyrN4+jeDBJsSuhGvMMZGCu13OPgBoUBGpR7nF7QQILpMRDZ5ZAGIJIetLJASYpy2HILXtEbg84Tf0oKZIpyy/0K2jFLJUaGCdC64XuJaWagDGcCh/kg1ZgA60MXG5ZGIFE3s/FLQ3polTbtxMpWZOhY/T2RgdR6IEPbOTpZz3oj8T+vkZrOeTPjUZIajNhkUScV1MR0lA9tc4XMiIElwBS3t1LWAwXM2BTzNgR/9uV5Uj0p+l7RvzstlK6mceTIPjkgR8QnZ6REbkmZVAgjj+SZvJI358l5cd6dj0nrgjOd2SN/4Hz+AA84nRo=</latexit><latexit sha1_base64="d9kSc0PPzSmc1e9CRtlcSjt66eg=">AAACEnicbVDJSgNBEO1xjXEb9eilMQh6CTMi6EWIy8FjBLNAJoSaTiVp0j0zdPcIYcg3ePFXvHhQxKsnb/6NneWgiQ8KHu9VUVUvTATXxvO+nYXFpeWV1dxafn1jc2vb3dmt6jhVDCssFrGqh6BR8AgrhhuB9UQhyFBgLexfj/zaAyrN4+jeDBJsSuhGvMMZGCu13OPgBoUBGpR7nF7QQILpMRDZ5ZAGIJIetLJASYpy2HILXtEbg84Tf0oKZIpyy/0K2jFLJUaGCdC64XuJaWagDGcCh/kg1ZgA60MXG5ZGIFE3s/FLQ3polTbtxMpWZOhY/T2RgdR6IEPbOTpZz3oj8T+vkZrOeTPjUZIajNhkUScV1MR0lA9tc4XMiIElwBS3t1LWAwXM2BTzNgR/9uV5Uj0p+l7RvzstlK6mceTIPjkgR8QnZ6REbkmZVAgjj+SZvJI358l5cd6dj0nrgjOd2SN/4Hz+AA84nRo=</latexit>



Strings and photons - a love story

Photon 1 Photon 2

String

�1 = ±A↵em
<latexit sha1_base64="f6rKkUSYU0LyPWgG1il0m5TtxPs=">AAACEXicbVBNS8NAEN3Ur1q/oh69LBahp5KIoBeh6sVjBfsBTQiT7bZdupuE3Y1QQv+CF/+KFw+KePXmzX/jps1BWx8MPN6bYWZemHCmtON8W6WV1bX1jfJmZWt7Z3fP3j9oqziVhLZIzGPZDUFRziLa0kxz2k0kBRFy2gnHN7nfeaBSsTi615OE+gKGERswAtpIgV3zmiMWuPgSe4nAngA9IsCzqyn2gCcjCDJPCkzFNLCrTt2ZAS8TtyBVVKAZ2F9ePyapoJEmHJTquU6i/QykZoTTacVLFU2AjGFIe4ZGIKjys9lHU3xilD4exNJUpPFM/T2RgVBqIkLTmZ+sFr1c/M/rpXpw4WcsSlJNIzJfNEg51jHO48F9JinRfGIIEMnMrZiMQALRJsSKCcFdfHmZtE/rrlN3786qjesijjI6Qseohlx0jhroFjVRCxH0iJ7RK3qznqwX6936mLeWrGLmEP2B9fkDGGCckw==</latexit><latexit sha1_base64="f6rKkUSYU0LyPWgG1il0m5TtxPs=">AAACEXicbVBNS8NAEN3Ur1q/oh69LBahp5KIoBeh6sVjBfsBTQiT7bZdupuE3Y1QQv+CF/+KFw+KePXmzX/jps1BWx8MPN6bYWZemHCmtON8W6WV1bX1jfJmZWt7Z3fP3j9oqziVhLZIzGPZDUFRziLa0kxz2k0kBRFy2gnHN7nfeaBSsTi615OE+gKGERswAtpIgV3zmiMWuPgSe4nAngA9IsCzqyn2gCcjCDJPCkzFNLCrTt2ZAS8TtyBVVKAZ2F9ePyapoJEmHJTquU6i/QykZoTTacVLFU2AjGFIe4ZGIKjys9lHU3xilD4exNJUpPFM/T2RgVBqIkLTmZ+sFr1c/M/rpXpw4WcsSlJNIzJfNEg51jHO48F9JinRfGIIEMnMrZiMQALRJsSKCcFdfHmZtE/rrlN3786qjesijjI6Qseohlx0jhroFjVRCxH0iJ7RK3qznqwX6936mLeWrGLmEP2B9fkDGGCckw==</latexit><latexit sha1_base64="f6rKkUSYU0LyPWgG1il0m5TtxPs=">AAACEXicbVBNS8NAEN3Ur1q/oh69LBahp5KIoBeh6sVjBfsBTQiT7bZdupuE3Y1QQv+CF/+KFw+KePXmzX/jps1BWx8MPN6bYWZemHCmtON8W6WV1bX1jfJmZWt7Z3fP3j9oqziVhLZIzGPZDUFRziLa0kxz2k0kBRFy2gnHN7nfeaBSsTi615OE+gKGERswAtpIgV3zmiMWuPgSe4nAngA9IsCzqyn2gCcjCDJPCkzFNLCrTt2ZAS8TtyBVVKAZ2F9ePyapoJEmHJTquU6i/QykZoTTacVLFU2AjGFIe4ZGIKjys9lHU3xilD4exNJUpPFM/T2RgVBqIkLTmZ+sFr1c/M/rpXpw4WcsSlJNIzJfNEg51jHO48F9JinRfGIIEMnMrZiMQALRJsSKCcFdfHmZtE/rrlN3786qjesijjI6Qseohlx0jhroFjVRCxH0iJ7RK3qznqwX6936mLeWrGLmEP2B9fkDGGCckw==</latexit><latexit sha1_base64="f6rKkUSYU0LyPWgG1il0m5TtxPs=">AAACEXicbVBNS8NAEN3Ur1q/oh69LBahp5KIoBeh6sVjBfsBTQiT7bZdupuE3Y1QQv+CF/+KFw+KePXmzX/jps1BWx8MPN6bYWZemHCmtON8W6WV1bX1jfJmZWt7Z3fP3j9oqziVhLZIzGPZDUFRziLa0kxz2k0kBRFy2gnHN7nfeaBSsTi615OE+gKGERswAtpIgV3zmiMWuPgSe4nAngA9IsCzqyn2gCcjCDJPCkzFNLCrTt2ZAS8TtyBVVKAZ2F9ePyapoJEmHJTquU6i/QykZoTTacVLFU2AjGFIe4ZGIKjys9lHU3xilD4exNJUpPFM/T2RgVBqIkLTmZ+sFr1c/M/rpXpw4WcsSlJNIzJfNEg51jHO48F9JinRfGIIEMnMrZiMQALRJsSKCcFdfHmZtE/rrlN3786qjesijjI6Qseohlx0jhroFjVRCxH0iJ7RK3qznqwX6936mLeWrGLmEP2B9fkDGGCckw==</latexit>

�2 = 0
<latexit sha1_base64="iHcy2gibvmW/ooVpyV4XeU6jHWY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBeh6MVjBfuBbSib7aRdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorPfYaI96vkWvi9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+YXT8mZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZu+TAVfIjJhYQpni9lbCRlRRZmxIJRuCt/zyKmnVqp5b9e4vKvWbPI4inMApnIMHl1CHO2hAExhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP68Dj5k=</latexit><latexit sha1_base64="iHcy2gibvmW/ooVpyV4XeU6jHWY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBeh6MVjBfuBbSib7aRdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorPfYaI96vkWvi9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+YXT8mZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZu+TAVfIjJhYQpni9lbCRlRRZmxIJRuCt/zyKmnVqp5b9e4vKvWbPI4inMApnIMHl1CHO2hAExhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP68Dj5k=</latexit><latexit sha1_base64="iHcy2gibvmW/ooVpyV4XeU6jHWY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBeh6MVjBfuBbSib7aRdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorPfYaI96vkWvi9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+YXT8mZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZu+TAVfIjJhYQpni9lbCRlRRZmxIJRuCt/zyKmnVqp5b9e4vKvWbPI4inMApnIMHl1CHO2hAExhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP68Dj5k=</latexit><latexit sha1_base64="iHcy2gibvmW/ooVpyV4XeU6jHWY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBeh6MVjBfuBbSib7aRdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorPfYaI96vkWvi9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+YXT8mZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZu+TAVfIjJhYQpni9lbCRlRRZmxIJRuCt/zyKmnVqp5b9e4vKvWbPI4inMApnIMHl1CHO2hAExhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP68Dj5k=</latexit>

Photons that go through a 
string loop acquire a rotation

Photons that do not go 
through a string loop do not 

acquire a rotation



Outline

• How strings affect photons

• Arahanov-Bohm effects

• CMB ways of looking for strings

• How photons affect strings

• Superconducting strings

• Colliding currents



String evolution

• Scaling solution : 

• Scaling violation : 

String density ρstring = ξ(t) H2f2 log (f/H)

1 . ⇠ . 1000
<latexit sha1_base64="W0DcsRI4ClwBxQuSMWzoLBX+euk=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBVUlE0GXRjcsK9gGdUjJppg1NMkOSEcvQjRt/xY0LRdz6D+78G9N2QG09cOHknHvJvSdMBDcWoS+vsLS8srpWXC9tbG5t7/i7ew0Tp5qyOo1FrFshMUxwxeqWW8FaiWZEhoI1w+HVxG/eMW14rG7tKGEdSfqKR5wS66Suf4hhIJgxhksY3POfB0YIdf0yqqAp4CLBOSmDHLWu/xn0YppKpiwVxJg2RontZERbTgUbl4LUsITQIemztqOKSGY62fSKMTx2Sg9GsXalLJyqvycyIo0ZydB1SmIHZt6biP957dRGF52MqyS1TNHZR1EqoI3hJBLY45pRK0aOEKq52xXSAdGEWhdcyYWA509eJI3TCkYVfHNWrl7mcRTBATgCJwCDc1AF16AG6oCCB/AEXsCr9+g9e2/e+6y14OUz++APvI9vVi6XKg==</latexit><latexit sha1_base64="W0DcsRI4ClwBxQuSMWzoLBX+euk=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBVUlE0GXRjcsK9gGdUjJppg1NMkOSEcvQjRt/xY0LRdz6D+78G9N2QG09cOHknHvJvSdMBDcWoS+vsLS8srpWXC9tbG5t7/i7ew0Tp5qyOo1FrFshMUxwxeqWW8FaiWZEhoI1w+HVxG/eMW14rG7tKGEdSfqKR5wS66Suf4hhIJgxhksY3POfB0YIdf0yqqAp4CLBOSmDHLWu/xn0YppKpiwVxJg2RontZERbTgUbl4LUsITQIemztqOKSGY62fSKMTx2Sg9GsXalLJyqvycyIo0ZydB1SmIHZt6biP957dRGF52MqyS1TNHZR1EqoI3hJBLY45pRK0aOEKq52xXSAdGEWhdcyYWA509eJI3TCkYVfHNWrl7mcRTBATgCJwCDc1AF16AG6oCCB/AEXsCr9+g9e2/e+6y14OUz++APvI9vVi6XKg==</latexit><latexit sha1_base64="W0DcsRI4ClwBxQuSMWzoLBX+euk=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBVUlE0GXRjcsK9gGdUjJppg1NMkOSEcvQjRt/xY0LRdz6D+78G9N2QG09cOHknHvJvSdMBDcWoS+vsLS8srpWXC9tbG5t7/i7ew0Tp5qyOo1FrFshMUxwxeqWW8FaiWZEhoI1w+HVxG/eMW14rG7tKGEdSfqKR5wS66Suf4hhIJgxhksY3POfB0YIdf0yqqAp4CLBOSmDHLWu/xn0YppKpiwVxJg2RontZERbTgUbl4LUsITQIemztqOKSGY62fSKMTx2Sg9GsXalLJyqvycyIo0ZydB1SmIHZt6biP957dRGF52MqyS1TNHZR1EqoI3hJBLY45pRK0aOEKq52xXSAdGEWhdcyYWA509eJI3TCkYVfHNWrl7mcRTBATgCJwCDc1AF16AG6oCCB/AEXsCr9+g9e2/e+6y14OUz++APvI9vVi6XKg==</latexit><latexit sha1_base64="W0DcsRI4ClwBxQuSMWzoLBX+euk=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBVUlE0GXRjcsK9gGdUjJppg1NMkOSEcvQjRt/xY0LRdz6D+78G9N2QG09cOHknHvJvSdMBDcWoS+vsLS8srpWXC9tbG5t7/i7ew0Tp5qyOo1FrFshMUxwxeqWW8FaiWZEhoI1w+HVxG/eMW14rG7tKGEdSfqKR5wS66Suf4hhIJgxhksY3POfB0YIdf0yqqAp4CLBOSmDHLWu/xn0YppKpiwVxJg2RontZERbTgUbl4LUsITQIemztqOKSGY62fSKMTx2Sg9GsXalLJyqvycyIo0ZydB1SmIHZt6biP957dRGF52MqyS1TNHZR1EqoI3hJBLY45pRK0aOEKq52xXSAdGEWhdcyYWA509eJI3TCkYVfHNWrl7mcRTBATgCJwCDc1AF16AG6oCCB/AEXsCr9+g9e2/e+6y14OUz++APvI9vVi6XKg==</latexit>

⇠ = constant
<latexit sha1_base64="zQVCw/lPavAvQ9MgeED6JBQgUdA=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfQiFL14rGA/oLuUbJq2odlkSWalZSn4V7x4UMSrv8Ob/8a03YO2Phh4vDfDzLwoEdyA5307hZXVtfWN4mZpa3tnd8/dP2gYlWrK6lQJpVsRMUxwyerAQbBWohmJI8Ga0fB26jcfmTZcyQcYJyyMSV/yHqcErNRxj4IRx9c4ADaCjCppgEiYdNyyV/FmwMvEz0kZ5ah13K+gq2gaMwlUEGPavpdAmBENnAo2KQWpYQmhQ9JnbUsliZkJs9n5E3xqlS7uKW1LAp6pvycyEhszjiPbGRMYmEVvKv7ntVPoXYUZl0kKTNL5ol4qMCg8zQJ3uWYUxNgSQjW3t2I6IJpQsImVbAj+4svLpHFe8b2Kf39Rrt7kcRTRMTpBZ8hHl6iK7lAN1RFFGXpGr+jNeXJenHfnY95acPKZQ/QHzucPVaSVug==</latexit><latexit sha1_base64="zQVCw/lPavAvQ9MgeED6JBQgUdA=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfQiFL14rGA/oLuUbJq2odlkSWalZSn4V7x4UMSrv8Ob/8a03YO2Phh4vDfDzLwoEdyA5307hZXVtfWN4mZpa3tnd8/dP2gYlWrK6lQJpVsRMUxwyerAQbBWohmJI8Ga0fB26jcfmTZcyQcYJyyMSV/yHqcErNRxj4IRx9c4ADaCjCppgEiYdNyyV/FmwMvEz0kZ5ah13K+gq2gaMwlUEGPavpdAmBENnAo2KQWpYQmhQ9JnbUsliZkJs9n5E3xqlS7uKW1LAp6pvycyEhszjiPbGRMYmEVvKv7ntVPoXYUZl0kKTNL5ol4qMCg8zQJ3uWYUxNgSQjW3t2I6IJpQsImVbAj+4svLpHFe8b2Kf39Rrt7kcRTRMTpBZ8hHl6iK7lAN1RFFGXpGr+jNeXJenHfnY95acPKZQ/QHzucPVaSVug==</latexit><latexit sha1_base64="zQVCw/lPavAvQ9MgeED6JBQgUdA=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfQiFL14rGA/oLuUbJq2odlkSWalZSn4V7x4UMSrv8Ob/8a03YO2Phh4vDfDzLwoEdyA5307hZXVtfWN4mZpa3tnd8/dP2gYlWrK6lQJpVsRMUxwyerAQbBWohmJI8Ga0fB26jcfmTZcyQcYJyyMSV/yHqcErNRxj4IRx9c4ADaCjCppgEiYdNyyV/FmwMvEz0kZ5ah13K+gq2gaMwlUEGPavpdAmBENnAo2KQWpYQmhQ9JnbUsliZkJs9n5E3xqlS7uKW1LAp6pvycyEhszjiPbGRMYmEVvKv7ntVPoXYUZl0kKTNL5ol4qMCg8zQJ3uWYUxNgSQjW3t2I6IJpQsImVbAj+4svLpHFe8b2Kf39Rrt7kcRTRMTpBZ8hHl6iK7lAN1RFFGXpGr+jNeXJenHfnY95acPKZQ/QHzucPVaSVug==</latexit><latexit sha1_base64="zQVCw/lPavAvQ9MgeED6JBQgUdA=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJVdEfQiFL14rGA/oLuUbJq2odlkSWalZSn4V7x4UMSrv8Ob/8a03YO2Phh4vDfDzLwoEdyA5307hZXVtfWN4mZpa3tnd8/dP2gYlWrK6lQJpVsRMUxwyerAQbBWohmJI8Ga0fB26jcfmTZcyQcYJyyMSV/yHqcErNRxj4IRx9c4ADaCjCppgEiYdNyyV/FmwMvEz0kZ5ah13K+gq2gaMwlUEGPavpdAmBENnAo2KQWpYQmhQ9JnbUsliZkJs9n5E3xqlS7uKW1LAp6pvycyEhszjiPbGRMYmEVvKv7ntVPoXYUZl0kKTNL5ol4qMCg8zQJ3uWYUxNgSQjW3t2I6IJpQsImVbAj+4svLpHFe8b2Kf39Rrt7kcRTRMTpBZ8hHl6iK7lAN1RFFGXpGr+jNeXJenHfnY95acPKZQ/QHzucPVaSVug==</latexit>



CMB

CMB acts as a backlight which is rotated by strings

Look for discontinuous jumps 
in the rotation angle

Power spectrum analysis



Toy analytics

(0,0)
(θ0,φ0)

(θ,φ)
θ0 ω

r

• Take strings to be Hubble 
sized loops

• Pass through loop acquire a 
phase

• Integrate over all 
orientations and directions

� = ±A↵em
<latexit sha1_base64="KYX+widFUQZhbIttKHv1tK/H4cQ=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFU0lE0ItQ9eKxgv2AJpTJdtsu3U3C7kYoIf/Ai3/FiwdFvHr15r9x0+agrQ8GHu/NMDMviDlT2nG+rdLS8srqWnm9srG5tb1j7+61VJRIQpsk4pHsBKAoZyFtaqY57cSSggg4bQfjm9xvP1CpWBTe60lMfQHDkA0YAW2knn3sNUYMX2IvFtgToEcEeHqVYQ94PIJe6kmBqch6dtWpOVPgReIWpIoKNHr2l9ePSCJoqAkHpbquE2s/BakZ4TSreImiMZAxDGnX0BAEVX46/SfDR0bp40EkTYUaT9XfEykIpSYiMJ35yWrey8X/vG6iBxd+ysI40TQks0WDhGMd4Twc3GeSEs0nhgCRzNyKyQgkEG0irJgQ3PmXF0nrtOY6NffurFq/LuIoowN0iE6Qi85RHd2iBmoigh7RM3pFb9aT9WK9Wx+z1pJVzOyjP7A+fwDc7Zvv</latexit><latexit sha1_base64="KYX+widFUQZhbIttKHv1tK/H4cQ=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFU0lE0ItQ9eKxgv2AJpTJdtsu3U3C7kYoIf/Ai3/FiwdFvHr15r9x0+agrQ8GHu/NMDMviDlT2nG+rdLS8srqWnm9srG5tb1j7+61VJRIQpsk4pHsBKAoZyFtaqY57cSSggg4bQfjm9xvP1CpWBTe60lMfQHDkA0YAW2knn3sNUYMX2IvFtgToEcEeHqVYQ94PIJe6kmBqch6dtWpOVPgReIWpIoKNHr2l9ePSCJoqAkHpbquE2s/BakZ4TSreImiMZAxDGnX0BAEVX46/SfDR0bp40EkTYUaT9XfEykIpSYiMJ35yWrey8X/vG6iBxd+ysI40TQks0WDhGMd4Twc3GeSEs0nhgCRzNyKyQgkEG0irJgQ3PmXF0nrtOY6NffurFq/LuIoowN0iE6Qi85RHd2iBmoigh7RM3pFb9aT9WK9Wx+z1pJVzOyjP7A+fwDc7Zvv</latexit><latexit sha1_base64="KYX+widFUQZhbIttKHv1tK/H4cQ=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFU0lE0ItQ9eKxgv2AJpTJdtsu3U3C7kYoIf/Ai3/FiwdFvHr15r9x0+agrQ8GHu/NMDMviDlT2nG+rdLS8srqWnm9srG5tb1j7+61VJRIQpsk4pHsBKAoZyFtaqY57cSSggg4bQfjm9xvP1CpWBTe60lMfQHDkA0YAW2knn3sNUYMX2IvFtgToEcEeHqVYQ94PIJe6kmBqch6dtWpOVPgReIWpIoKNHr2l9ePSCJoqAkHpbquE2s/BakZ4TSreImiMZAxDGnX0BAEVX46/SfDR0bp40EkTYUaT9XfEykIpSYiMJ35yWrey8X/vG6iBxd+ysI40TQks0WDhGMd4Twc3GeSEs0nhgCRzNyKyQgkEG0irJgQ3PmXF0nrtOY6NffurFq/LuIoowN0iE6Qi85RHd2iBmoigh7RM3pFb9aT9WK9Wx+z1pJVzOyjP7A+fwDc7Zvv</latexit><latexit sha1_base64="KYX+widFUQZhbIttKHv1tK/H4cQ=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBbFU0lE0ItQ9eKxgv2AJpTJdtsu3U3C7kYoIf/Ai3/FiwdFvHr15r9x0+agrQ8GHu/NMDMviDlT2nG+rdLS8srqWnm9srG5tb1j7+61VJRIQpsk4pHsBKAoZyFtaqY57cSSggg4bQfjm9xvP1CpWBTe60lMfQHDkA0YAW2knn3sNUYMX2IvFtgToEcEeHqVYQ94PIJe6kmBqch6dtWpOVPgReIWpIoKNHr2l9ePSCJoqAkHpbquE2s/BakZ4TSreImiMZAxDGnX0BAEVX46/SfDR0bp40EkTYUaT9XfEykIpSYiMJ35yWrey8X/vG6iBxd+ysI40TQks0WDhGMd4Twc3GeSEs0nhgCRzNyKyQgkEG0irJgQ3PmXF0nrtOY6NffurFq/LuIoowN0iE6Qi85RHd2iBmoigh7RM3pFb9aT9WK9Wx+z1pJVzOyjP7A+fwDc7Zvv</latexit>

where we have assumed that this probability is spatially uniform (independent of the direction of ŝ)
and isotropic in k̂. The function f(⌘) can be fixed by demanding that the total energy in a given
volume follow the expected scaling limit:

Z
dr d

3
~s d

2
k̂ (2⇡ra)µ(⌘)P (~s, r, ⌘, k̂) = V a

3
⇠(⌘)µ(⌘)H2 (4.9)

where µ(⌘) ⇡ ⇡f
2 log(f/H) is the string tension at time ⌘. This implies,

f(⌘) =
1

4⇡

⇠(⌘)(aH)3

2⇡
(4.10)

We are interested in the polarization rotation of a photon from a given direction �(✓,�). We
approximate the polarization rotation by assuming that the photon undergoes a polarization rotation
of A↵em when passing through a loop and 0 otherwise. This is a good approximation for string loops
that subtend a small angle on the sky and both the time of emission (CMB) and time of observation
(today) can be treated as infinitely far away from the string loop, but we do not expect to recover the
low-` signal with this approximation.

To proceed, we need the condition for a photon from the direction �̂ to pass through a loop
centered at ~s, with a normal vector k̂ and radius r. The distance of the photon trajectory from the
center of the string loop (calculated in the plane of the string loop) is

d =

�����
~s · (�̂(d̂ · �̂)� d̂)

1� (d̂ · �̂)2

����� , (4.11)

where d̂ is the unit vector along the radial direction of the string in the plane containing ~s and �̂,

d̂ =
k̂ ⇥ (�̂ ⇥ ~s)

|k̂ ⇥ (�̂ ⇥ ~s)|
(4.12)

For the photon to pass through the string loop, we need d < r. The geometry is shown explicitly in
figure 2. The total polarization rotation is given as a line-of-sight integral over the probability of the
photon to pass through a given loop. We can calculate the two-point function for the polarization
rotation angle as an integral over the ensemble. At a time ⌘, the photon is at a distance (⌘0 � ⌘)
from us and the strings that can contribute to the two-point function at this epoch have a distance
~s = (⌘0 � ⌘)ŝ. Thus, the two-point function can now be written analytically,

h�(�̂)�(�̂0)i = (A↵em)
2

Z
d⌘

Z
d
2
ŝ

Z
d
2
k̂ (⌘0 � ⌘)2f(⌘)

⇥⇥
⇣
⌘

2
� d(ŝ, �̂, k̂, ⌘)

⌘
⇥
⇣
⌘

2
� d(ŝ, �̂0, k̂, ⌘)

⌘
(4.13)

where ⇥ is the Heaviside-theta function ensuring that the two-point function only gets contributions
when both photons pass through the same loop. The picture where we think of photons as passing
through small loops breaks down when the radius r of the loop becomes comparable to the distance
s to the loop. This happens at late times when ⌘ ⇠ ⌘0. So we only expect this estimate to work
for earlier times, corresponding to power at larger values of ` (` & few). Note that by isotropy the
two-point function only depends on the angle between � and �

0, or cos ✓ = � · �
0. So without loss of

generality we can set �̂0 = ẑ, and the azimuthal angle in �̂ to zero.
We present results for the two-point function computation in figure 3 and discussion of the figure

in section 4.4. It is illuminating to make a further simplification to get a simple analytical estimate for
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Simulation Comparison

0.01 0.02 0.05 0.1 0.2 0.5 1 2

-0.5

0.

0.5

1.

Figure 3. The two-point function of polarization rotation angle (normalized by ⇠A2↵2
em). The black solid line

is the analytical estimate calculated in the text with loops with a random normal direction compared to that

of the photon trajectory. The blue solid, yellow dashed and the red dotted lines and the corresponding shaded

regions show the central value and standard deviation of the two point functions from the toy simulation for

⇠ = 1, 10, 100, respectively. The uncertainties are mainly due to cosmic variance.

the variance of the polarization rotation angle. We assume that the loops are all oriented perpendicular
to our line of sight (i.e. lie on the constant ⌘ surfaces). In this case, k̂.ŝ = ±1. The condition for the
photon to pass through simplifies to

(⌘0 � ⌘) tan! < ⌘/2. (4.14)

where ŝ · �̂ = cos!.
The polarization rotation angle along any fixed line of sight follows a distribution where the mean

is 0, and the variance is given by the two point function with �̂ = �̂0, or ✓ = 0. Parametrizing the
center of the string with angles (✓0,�0), we obtain ! = ✓0 and the two-point function does not depend
on �0, so that

h�(0, 0)�(0, 0)i = 2⇡(A↵em)
2

Z
dc✓0d⌘(⌘0 � ⌘)2

(aH(⌘))3⇠(⌘)

2⇡
⇥
⇣
⌘

2
� (⌘0 � ⌘) tan ✓0

⌘
(4.15)

⇡ ⇠(A↵em)
2 log

✓
⌘0

⌘CMB

◆
. (4.16)

In the second line we have only kept the leading log behavior. This estimate agrees with the intuition
that a photon goes through about ⇠ string loops per Hubble time in its trajectory when there are ⇠

loops per Hubble patch. The polarization itself is undergoing a random walk with N = ⇠ log (⌘0/⌘CMB)
steps and a step size of A↵em. This analytic estimate shows good agreement with the numerical results.

The analytical method we described can also be used to capture the leading behavior of the
higher point correlation functions. The higher point functions come about when multiple photons
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where ŝ · �̂ = cos!.
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is 0, and the variance is given by the two point function with �̂ = �̂0, or ✓ = 0. Parametrizing the
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In the second line we have only kept the leading log behavior. This estimate agrees with the intuition
that a photon goes through about ⇠ string loops per Hubble time in its trajectory when there are ⇠

loops per Hubble patch. The polarization itself is undergoing a random walk with N = ⇠ log (⌘0/⌘CMB)
steps and a step size of A↵em. This analytic estimate shows good agreement with the numerical results.

The analytical method we described can also be used to capture the leading behavior of the
higher point correlation functions. The higher point functions come about when multiple photons
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Figure 6. Power spectrum of the polarization rotation angle. Top: Constraints on the power spectrum derived

from Planck 2015 polarization data (data points) [71]. The blue curve shows the power spectrum for ⇠ = A = 1,

which is of the order of the current sensitivity. Bottom: Forecasts for the power spectrum measurements in

future experiments [45]. The grey shaded region is excluded by Planck while the thin magenta, purple, blue

and green lines show the sensitivity of future CMB experiments. The thick blue, yellow and red solid lines

show the prediction for ⇠ = 1, 10, 100 and A = 1/9. For both plots we have taken a mean over cosmic variance

for our prediction. The power spectra can be scaled for other values of ⇠ and A as C�
L / ⇠A2.
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Constraints scale as ⇠A2
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Edge Detection

Coolest feature are the edges

Figure 7. Zoomed-in skymaps at the truth-level for ⇠ = 1, 10, 100 showing the white framed areas in the

respective skymaps in figure 4 (the color scale is modified for visual clarity). The presence of sharp discon-

tinuities is apparent in these images of broken light. The discontinuity is quantized and is equal to 1. The

white stripe shows a slice through the map, and the value of �� (normalized by 1/(A↵em)) is shown in the

top panels where the quantized jump is apparent.

has a distinctive frequency dependence, � ⇠ ⌫
�2, and hence it will be very easily distinguished from

an axion string induced rotation.

Lorentz violation Cosmic Birefringence was in fact first proposed [81] in the context of measuring
Lorentz violating terms in the SM. In the SM extension formalism, the d = 3 terms associated with a
Chern-Simons-like coupling is physically equivalent to an axion background with a uniform gradient.
Higher dimensional terms produce frequency dependent terms. Therefore, it will be relatively easy to
disentangle e↵ects of such terms from an axion string network.

We see that even at the statistical level, it will likely be possible to disentangle our signal from
other potential sources of parity-odd B-modes in the CMB. However, the spatial morphology of the
signal from strings, with a ⇠ A↵em jump across the strings, is a smoking gun feature which sets apart
the axion string signal. This is the signal we now turn to.

5.3 Edge detection

Cosmic strings are distinctive features in position space, so analyzing the signal in Fourier space
may not be the optimal strategy to study the properties of the strings. For this reason, it would be
interesting to look for the strings directly in position space. For the case of gravitational e↵ects of
cosmic strings, edge detection algorithms for the CMB temperature maps [82] have been proposed.

The polarization rotation angle of the photons has a discontinuity across the axion string. A
similar edge detection algorithm can be developed to detect this discontinuity in polarization maps.
The value of the discontinuity is an extremely interesting quantity to measure. The two path across
the string di↵er by a path that loops around the string, and hence measures the topological charge of
the string (see section 3).

In figure 7, we show a zoomed-in patch of our simulation, where the discontinuity is apparent. To
develop this edge detection algorithm for polarization maps will be an extremely interesting future
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• Position space search

• Important elements

• Angular resolution

• Accuracy
⇠ � 1
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• BICEP/KEK/SPT/Polarbear

• Angular resolution ~ arcmin

• Accuracy ~ percent



Edge Detection

Coolest feature are the edges

Figure 7. Zoomed-in skymaps at the truth-level for ⇠ = 1, 10, 100 showing the white framed areas in the

respective skymaps in figure 4 (the color scale is modified for visual clarity). The presence of sharp discon-

tinuities is apparent in these images of broken light. The discontinuity is quantized and is equal to 1. The

white stripe shows a slice through the map, and the value of �� (normalized by 1/(A↵em)) is shown in the

top panels where the quantized jump is apparent.

has a distinctive frequency dependence, � ⇠ ⌫
�2, and hence it will be very easily distinguished from

an axion string induced rotation.

Lorentz violation Cosmic Birefringence was in fact first proposed [81] in the context of measuring
Lorentz violating terms in the SM. In the SM extension formalism, the d = 3 terms associated with a
Chern-Simons-like coupling is physically equivalent to an axion background with a uniform gradient.
Higher dimensional terms produce frequency dependent terms. Therefore, it will be relatively easy to
disentangle e↵ects of such terms from an axion string network.

We see that even at the statistical level, it will likely be possible to disentangle our signal from
other potential sources of parity-odd B-modes in the CMB. However, the spatial morphology of the
signal from strings, with a ⇠ A↵em jump across the strings, is a smoking gun feature which sets apart
the axion string signal. This is the signal we now turn to.

5.3 Edge detection

Cosmic strings are distinctive features in position space, so analyzing the signal in Fourier space
may not be the optimal strategy to study the properties of the strings. For this reason, it would be
interesting to look for the strings directly in position space. For the case of gravitational e↵ects of
cosmic strings, edge detection algorithms for the CMB temperature maps [82] have been proposed.

The polarization rotation angle of the photons has a discontinuity across the axion string. A
similar edge detection algorithm can be developed to detect this discontinuity in polarization maps.
The value of the discontinuity is an extremely interesting quantity to measure. The two path across
the string di↵er by a path that loops around the string, and hence measures the topological charge of
the string (see section 3).

In figure 7, we show a zoomed-in patch of our simulation, where the discontinuity is apparent. To
develop this edge detection algorithm for polarization maps will be an extremely interesting future
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Likely edges are most useful 
when there are only a few strings

Few strings => production 
before/during inflation

Rare chance at testing 
pre-inflationary physics
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Figure 9. Parameter space for polarization rotation and gravitational wave signatures. The gray shaded

region is excluded by cooling bounds coming from Horizontal Branch stars [97] (assuming A = 1). The red

shaded region is excluded by CMB measurements of strings coming from their gravitational e↵ects [98]. The

blue region is excluded when NDW 6= 1 due to the temperature fluctuations induced by the gravitational

potential of the domain wall [99]. Dashed and dotted lines correspond to ⇠ = 10 and 100 respectively. The

figure is cut o↵ at large f , as for f & 1016 GeV, the universe can not reheat to high enough temperature so

that strings might not be produced. Our sensitivity applies to ⇠ � 1 in all of the allowed parameter space in

this plot.

comparable to the size of the universe today and will also leave an imprint on the cosmic microwave
background, providing another unique cross check in the case of a discovery.

6.2 Gravitational and gravitational wave signatures

The strings and domain walls can also be looked for through their gravitational e↵ect on the large
scale structures of the universe. The measurement of the detailed features of, in particular, the cosmic
microwave background spectrum place a constraint on the amount of density inhomogeneities that
can be generated by cosmic strings [100, 101] and domain walls. These considerations place an upper
bound on the energy per unit length of the string µ [98],

Gµ . 1.1⇥ 10�7
, (6.3)

corresponding to an axion decay constant f no higher than ⇠ 1014 GeV. Such a constraint on the
axion decay constant is only mildly dependent on the deviation from scaling solution (see the discussion
around equation (4.2) in section 4.1).

Similar constraints can be placed on the tension of domain walls. The energy density in the
form of domains walls in a frustrated string-domain wall network approach a scaling limit [68, 69] for
NDW 6= 1,

⇢wall ⇡ NDW�H, (6.4)
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Our results are completely independent of 
decay constant
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Figure 10. We show the sensitivity of current and future experiments to the two independent parameters of

an axion string network with a photon coupling; the number of axion string per Hubble volume (⇠) and the

strength of the axion string-photon coupling (A). The CMB polarization correlation functions provide the best

channel for discovery (they put an upper bound on the combination ⇠A2). The black solid line is the estimated

current sensitivity of Planck to this e↵ect while the magenta, purple, blue and green lines show the sensitivity

of future CMB experiments. We take the sensitivity at L = 10 from figure 6 as an indicator. The grey region

is the estimated constraint coming from the e↵ects of axion radiation emitted from the string network, see

the discussion around equation (4.21). CMB experiments with good angular resolution and lensed quasar

systems provide an opportunity to exploit the quantized nature of our signal. The brown dot-dashed line

shows the prospects for edge detection with experiments similar to the Simons observatory (very qualitative).

Increasing the accuracy of the polarization rotation angle measurement improves the sensitivity to smaller

A and improving the angular resolution improves the sensitivity to higher ⇠. The red dashed line shows

the prospects for lensed quasar systems (qualitative). Increasing the number of lensed quasars improves the

sensitivity to smaller ⇠ while improving the precision of the measurement of the relative polarization of the

quasars improves the sensitivity to smaller A. The gray dashed gridlines mark the regions of parameter space

of particular theoretical interest.

with ground-based missions. Finding these strings in position space and their associated discontinuities
provides a direct measurement of the anomaly coe�cient induced by a single string.

In this paper, we have provided a description and rough estimate of the observational features of a
string network on the CMB (see figure 10). This analysis can be improved upon with real axion string
simulations that would capture more details of the nature of the string network, and with a dedicated
analysis of the CMB data. Given the uncertainties and di�culties present in the simulations due to
simulating vastly di↵erent length scales, in the event of a discovery one might even use data to gain
insights for simulations of axion strings and domain walls, which can be applied to the study of other
axion models such as the QCD axion. The combination of the measurement of the CMB polarization
spectrum and the discontinuities coming from individual strings allows us to extract the value of ⇠,

– 27 –



Outline

• How strings affect photons

• Arahanov-Bohm effects

• CMB ways of looking for strings

• How photons affect strings

• Superconducting strings

• Colliding currents

• Millikan (What do we learn from anomalies)
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1 Introduction

The ultraviolet structure of the standard model is one of the most fundamental questions in particle
physics. In general, it is a daunting task to unearth high-energy properties of the theory from low-
energy observations. However, there is a unique type of interaction that contains universal information
about the fundamental theory unpolluted by intervening physics. This special type of interaction is a
topological interaction [1]. In this paper, we consider the topological coupling of a compact pseudo-
scalar—an axion—with photons,

L =
A↵em

4⇡

a

f
F eF (1.1)

where 2⇡f is the periodicity of the axion a, ↵em is the fine structure constant, and A is the anomaly
coe�cient for the mixed anomaly between electromagnetism and the continuous shift symmetry of
the axion. Anomaly matching fixes the form of the interaction at any scale [2], such that the rational
number A is not renormalized and intervening physics between the high energy scale and the low
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In the presence of strings, this 
is not gauge invariant

Anomaly inflow - anomaly on the string to 
restore gauge invariance



Conservation of charge

Jµ
a =

e2

8⇡2
✏µ⌫⇢�@⌫

✓
a

f

◆
F⇢�

<latexit sha1_base64="Ju7/dn2eWoL+ZiP686hh+dyEpZo="></latexit><latexit sha1_base64="Ju7/dn2eWoL+ZiP686hh+dyEpZo="></latexit><latexit sha1_base64="Ju7/dn2eWoL+ZiP686hh+dyEpZo="></latexit><latexit sha1_base64="Ju7/dn2eWoL+ZiP686hh+dyEpZo="></latexit>

In a background axion field, electric and 
magnetic fields generate additional charge and 

current



String in a background electric field
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Charge is flowing onto the string!

E Jr
a =

e2

8⇡2
✏r✓0z@✓

✓
a

f

◆
F0z 6= 0

<latexit sha1_base64="HBEA8glQGSbCqPbACbMBAIcAPdo="></latexit><latexit sha1_base64="HBEA8glQGSbCqPbACbMBAIcAPdo="></latexit><latexit sha1_base64="HBEA8glQGSbCqPbACbMBAIcAPdo="></latexit><latexit sha1_base64="HBEA8glQGSbCqPbACbMBAIcAPdo="></latexit>

Jr
a

<latexit sha1_base64="Z8bE04RW1WhvE/pB9qnd5szwpCs=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix6EU8VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Nktb5e2d3b39ysFhUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqzk3/Xoo+pVqm7NnYEsE68gVSjQ6FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QU6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKrIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXSPK95bs27v6jWr4s4SnAMJ3AGHlxCHW6hAT4w4PAMr/DmSOfFeXc+5q0rTjFzBH/gfP4Ale+Ohg==</latexit><latexit sha1_base64="Z8bE04RW1WhvE/pB9qnd5szwpCs=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix6EU8VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Nktb5e2d3b39ysFhUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqzk3/Xoo+pVqm7NnYEsE68gVSjQ6FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QU6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKrIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXSPK95bs27v6jWr4s4SnAMJ3AGHlxCHW6hAT4w4PAMr/DmSOfFeXc+5q0rTjFzBH/gfP4Ale+Ohg==</latexit><latexit sha1_base64="Z8bE04RW1WhvE/pB9qnd5szwpCs=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix6EU8VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Nktb5e2d3b39ysFhUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqzk3/Xoo+pVqm7NnYEsE68gVSjQ6FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QU6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKrIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXSPK95bs27v6jWr4s4SnAMJ3AGHlxCHW6hAT4w4PAMr/DmSOfFeXc+5q0rTjFzBH/gfP4Ale+Ohg==</latexit><latexit sha1_base64="Z8bE04RW1WhvE/pB9qnd5szwpCs=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix6EU8VTFtoY9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Nktb5e2d3b39ysFhUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+HoZuq3nlBpnsgHM04xiOlA8ogzaqzk3/Xoo+pVqm7NnYEsE68gVSjQ6FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QU6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKrIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXSPK95bs27v6jWr4s4SnAMJ3AGHlxCHW6hAT4w4PAMr/DmSOfFeXc+5q0rTjFzBH/gfP4Ale+Ohg==</latexit>

Conservation of charge



Arbitrarily small electric field must cause charge 
to appear on the string

Schwinger pair production : Electric field 
produces particles
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No exponential in production : must be 
massless charged particles!

Conservation of charge
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<latexit sha1_base64="uhy5XzLzUnGhNNiFoGUXE0sPW5I=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXBD0WvXisYD+gXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoWV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Ure23HCgpgMJI84JdZJzW5i+MNZr1zxqt4MeJn4OalAjnqv/NXtK5rGTFoqiDEd30tskBFtORVsUuqmhiWEjsiAdRyVJGYmyGbXTvCJU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1AJReCv/jyMmmeV32v6t9dVGrXeRxFOIJjOAUfLqEGt1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD0F2juc=</latexit><latexit sha1_base64="uhy5XzLzUnGhNNiFoGUXE0sPW5I=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXBD0WvXisYD+gXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoWV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Ure23HCgpgMJI84JdZJzW5i+MNZr1zxqt4MeJn4OalAjnqv/NXtK5rGTFoqiDEd30tskBFtORVsUuqmhiWEjsiAdRyVJGYmyGbXTvCJU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1AJReCv/jyMmmeV32v6t9dVGrXeRxFOIJjOAUfLqEGt1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD0F2juc=</latexit><latexit sha1_base64="uhy5XzLzUnGhNNiFoGUXE0sPW5I=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXBD0WvXisYD+gXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoWV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Ure23HCgpgMJI84JdZJzW5i+MNZr1zxqt4MeJn4OalAjnqv/NXtK5rGTFoqiDEd30tskBFtORVsUuqmhiWEjsiAdRyVJGYmyGbXTvCJU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1AJReCv/jyMmmeV32v6t9dVGrXeRxFOIJjOAUfLqEGt1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD0F2juc=</latexit><latexit sha1_base64="uhy5XzLzUnGhNNiFoGUXE0sPW5I=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXBD0WvXisYD+gXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoWV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Ure23HCgpgMJI84JdZJzW5i+MNZr1zxqt4MeJn4OalAjnqv/NXtK5rGTFoqiDEd30tskBFtORVsUuqmhiWEjsiAdRyVJGYmyGbXTvCJU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1AJReCv/jyMmmeV32v6t9dVGrXeRxFOIJjOAUfLqEGt1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD0F2juc=</latexit>

 �
<latexit sha1_base64="mmtDKkhbuBj4u6WVQIlft/J56Ok=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgxbIrgh6LXjxWsB/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wjm6nfemLacCXv7ThhQUwGkkecEuukZjcx/OGsV654VW8GvEz8nFQgR71X/ur2FU1jJi0VxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo5KEjMTZLNrJ/jEKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdBVkXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gkgvBX3x5mTTPq75X9e8uKrXrPI4iHMExnIIPl1CDW6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB0R+juk=</latexit><latexit sha1_base64="mmtDKkhbuBj4u6WVQIlft/J56Ok=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgxbIrgh6LXjxWsB/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wjm6nfemLacCXv7ThhQUwGkkecEuukZjcx/OGsV654VW8GvEz8nFQgR71X/ur2FU1jJi0VxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo5KEjMTZLNrJ/jEKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdBVkXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gkgvBX3x5mTTPq75X9e8uKrXrPI4iHMExnIIPl1CDW6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB0R+juk=</latexit><latexit sha1_base64="mmtDKkhbuBj4u6WVQIlft/J56Ok=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgxbIrgh6LXjxWsB/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wjm6nfemLacCXv7ThhQUwGkkecEuukZjcx/OGsV654VW8GvEz8nFQgR71X/ur2FU1jJi0VxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo5KEjMTZLNrJ/jEKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdBVkXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gkgvBX3x5mTTPq75X9e8uKrXrPI4iHMExnIIPl1CDW6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB0R+juk=</latexit><latexit sha1_base64="mmtDKkhbuBj4u6WVQIlft/J56Ok=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgxbIrgh6LXjxWsB/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wjm6nfemLacCXv7ThhQUwGkkecEuukZjcx/OGsV654VW8GvEz8nFQgR71X/ur2FU1jJi0VxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo5KEjMTZLNrJ/jEKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdBVkXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gkgvBX3x5mTTPq75X9e8uKrXrPI4iHMExnIIPl1CDW6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB0R+juk=</latexit>

Conserves charge



Schwinger pair production

Pair production

E

 +
<latexit sha1_base64="uhy5XzLzUnGhNNiFoGUXE0sPW5I=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXBD0WvXisYD+gXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoWV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Ure23HCgpgMJI84JdZJzW5i+MNZr1zxqt4MeJn4OalAjnqv/NXtK5rGTFoqiDEd30tskBFtORVsUuqmhiWEjsiAdRyVJGYmyGbXTvCJU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1AJReCv/jyMmmeV32v6t9dVGrXeRxFOIJjOAUfLqEGt1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD0F2juc=</latexit><latexit sha1_base64="uhy5XzLzUnGhNNiFoGUXE0sPW5I=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXBD0WvXisYD+gXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoWV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Ure23HCgpgMJI84JdZJzW5i+MNZr1zxqt4MeJn4OalAjnqv/NXtK5rGTFoqiDEd30tskBFtORVsUuqmhiWEjsiAdRyVJGYmyGbXTvCJU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1AJReCv/jyMmmeV32v6t9dVGrXeRxFOIJjOAUfLqEGt1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD0F2juc=</latexit><latexit sha1_base64="uhy5XzLzUnGhNNiFoGUXE0sPW5I=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXBD0WvXisYD+gXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoWV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Ure23HCgpgMJI84JdZJzW5i+MNZr1zxqt4MeJn4OalAjnqv/NXtK5rGTFoqiDEd30tskBFtORVsUuqmhiWEjsiAdRyVJGYmyGbXTvCJU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1AJReCv/jyMmmeV32v6t9dVGrXeRxFOIJjOAUfLqEGt1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD0F2juc=</latexit><latexit sha1_base64="uhy5XzLzUnGhNNiFoGUXE0sPW5I=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXBD0WvXisYD+gXUs2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoWV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1LLeCtRPNSBwK1gpHN1O/9cS04Ure23HCgpgMJI84JdZJzW5i+MNZr1zxqt4MeJn4OalAjnqv/NXtK5rGTFoqiDEd30tskBFtORVsUuqmhiWEjsiAdRyVJGYmyGbXTvCJU/o4UtqVtHim/p7ISGzMOA5dZ0zs0Cx6U/E/r5Pa6CrIuExSyySdL4pSga3C09dxn2tGrRg7Qqjm7lZMh0QTal1AJReCv/jyMmmeV32v6t9dVGrXeRxFOIJjOAUfLqEGt1CHBlB4hGd4hTek0At6Rx/z1gLKZw7hD9DnD0F2juc=</latexit>

 �
<latexit sha1_base64="mmtDKkhbuBj4u6WVQIlft/J56Ok=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgxbIrgh6LXjxWsB/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wjm6nfemLacCXv7ThhQUwGkkecEuukZjcx/OGsV654VW8GvEz8nFQgR71X/ur2FU1jJi0VxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo5KEjMTZLNrJ/jEKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdBVkXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gkgvBX3x5mTTPq75X9e8uKrXrPI4iHMExnIIPl1CDW6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB0R+juk=</latexit><latexit sha1_base64="mmtDKkhbuBj4u6WVQIlft/J56Ok=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgxbIrgh6LXjxWsB/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wjm6nfemLacCXv7ThhQUwGkkecEuukZjcx/OGsV654VW8GvEz8nFQgR71X/ur2FU1jJi0VxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo5KEjMTZLNrJ/jEKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdBVkXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gkgvBX3x5mTTPq75X9e8uKrXrPI4iHMExnIIPl1CDW6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB0R+juk=</latexit><latexit sha1_base64="mmtDKkhbuBj4u6WVQIlft/J56Ok=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgxbIrgh6LXjxWsB/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wjm6nfemLacCXv7ThhQUwGkkecEuukZjcx/OGsV654VW8GvEz8nFQgR71X/ur2FU1jJi0VxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo5KEjMTZLNrJ/jEKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdBVkXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gkgvBX3x5mTTPq75X9e8uKrXrPI4iHMExnIIPl1CDW6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB0R+juk=</latexit><latexit sha1_base64="mmtDKkhbuBj4u6WVQIlft/J56Ok=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgxbIrgh6LXjxWsB/QriWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LK6tr6RnGztLW9s7tX3j9oGpVqyhpUCaXbITFMcMkallvB2olmJA4Fa4Wjm6nfemLacCXv7ThhQUwGkkecEuukZjcx/OGsV654VW8GvEz8nFQgR71X/ur2FU1jJi0VxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo5KEjMTZLNrJ/jEKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdBVkXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gkgvBX3x5mTTPq75X9e8uKrXrPI4iHMExnIIPl1CDW6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzB0R+juk=</latexit>

Violates charge



@µJ
µ
string = �Ae2

4⇡
✏abF

ab

<latexit sha1_base64="eckunybBAtIPnPEyD2uHnE9P464="></latexit><latexit sha1_base64="eckunybBAtIPnPEyD2uHnE9P464="></latexit><latexit sha1_base64="eckunybBAtIPnPEyD2uHnE9P464="></latexit><latexit sha1_base64="eckunybBAtIPnPEyD2uHnE9P464="></latexit>

Conservation of total charge

Violation of string charge

Mismatch between left movers than right movers

Minimal situation : (anti-)particles move in 
only one directions

Conservation of charge



Superconducting strings

@µJ
µ
string = �Ae2

4⇡
✏abF

ab

<latexit sha1_base64="eckunybBAtIPnPEyD2uHnE9P464="></latexit><latexit sha1_base64="eckunybBAtIPnPEyD2uHnE9P464="></latexit><latexit sha1_base64="eckunybBAtIPnPEyD2uHnE9P464="></latexit><latexit sha1_base64="eckunybBAtIPnPEyD2uHnE9P464="></latexit>

Consider a uniform string with no electric field

d�

dt
/ dI

dt
= 0

<latexit sha1_base64="s+ozf6S+E9SW3AW3n5c7kRk4TDQ=">AAACGHicbVDLSgMxFM3UV62vUZdugkVwVWdE0I1QdKO7CvYBnVIymUwbmklCkhHKMJ/hxl9x40IRt935N6btCFo9EDiccy8354SSUW0879MpLS2vrK6V1ysbm1vbO+7uXkuLVGHSxIIJ1QmRJoxy0jTUMNKRiqAkZKQdjq6nfvuBKE0FvzdjSXoJGnAaU4yMlfruSRArhLMIBswuRSjPIpPDQCohjYDf5u1cvoRe3616NW8G+Jf4BamCAo2+OwkigdOEcIMZ0rrre9L0MqQMxYzklSDVRCI8QgPStZSjhOheNguWwyOrRDAWyj5u4Ez9uZGhROtxEtrJBJmhXvSm4n9eNzXxRS+jXKaGcDw/FKcM2szTlmBEFcGGjS1BWFH7V4iHyJZhbJcVW4K/GPkvaZ3WfK/m351V61dFHWVwAA7BMfDBOaiDG9AATYDBI3gGr+DNeXJenHfnYz5acoqdffALzuQLeEaf/A==</latexit><latexit sha1_base64="s+ozf6S+E9SW3AW3n5c7kRk4TDQ=">AAACGHicbVDLSgMxFM3UV62vUZdugkVwVWdE0I1QdKO7CvYBnVIymUwbmklCkhHKMJ/hxl9x40IRt935N6btCFo9EDiccy8354SSUW0879MpLS2vrK6V1ysbm1vbO+7uXkuLVGHSxIIJ1QmRJoxy0jTUMNKRiqAkZKQdjq6nfvuBKE0FvzdjSXoJGnAaU4yMlfruSRArhLMIBswuRSjPIpPDQCohjYDf5u1cvoRe3616NW8G+Jf4BamCAo2+OwkigdOEcIMZ0rrre9L0MqQMxYzklSDVRCI8QgPStZSjhOheNguWwyOrRDAWyj5u4Ez9uZGhROtxEtrJBJmhXvSm4n9eNzXxRS+jXKaGcDw/FKcM2szTlmBEFcGGjS1BWFH7V4iHyJZhbJcVW4K/GPkvaZ3WfK/m351V61dFHWVwAA7BMfDBOaiDG9AATYDBI3gGr+DNeXJenHfnYz5acoqdffALzuQLeEaf/A==</latexit><latexit sha1_base64="s+ozf6S+E9SW3AW3n5c7kRk4TDQ=">AAACGHicbVDLSgMxFM3UV62vUZdugkVwVWdE0I1QdKO7CvYBnVIymUwbmklCkhHKMJ/hxl9x40IRt935N6btCFo9EDiccy8354SSUW0879MpLS2vrK6V1ysbm1vbO+7uXkuLVGHSxIIJ1QmRJoxy0jTUMNKRiqAkZKQdjq6nfvuBKE0FvzdjSXoJGnAaU4yMlfruSRArhLMIBswuRSjPIpPDQCohjYDf5u1cvoRe3616NW8G+Jf4BamCAo2+OwkigdOEcIMZ0rrre9L0MqQMxYzklSDVRCI8QgPStZSjhOheNguWwyOrRDAWyj5u4Ez9uZGhROtxEtrJBJmhXvSm4n9eNzXxRS+jXKaGcDw/FKcM2szTlmBEFcGGjS1BWFH7V4iHyJZhbJcVW4K/GPkvaZ3WfK/m351V61dFHWVwAA7BMfDBOaiDG9AATYDBI3gGr+DNeXJenHfnYz5acoqdffALzuQLeEaf/A==</latexit><latexit sha1_base64="s+ozf6S+E9SW3AW3n5c7kRk4TDQ=">AAACGHicbVDLSgMxFM3UV62vUZdugkVwVWdE0I1QdKO7CvYBnVIymUwbmklCkhHKMJ/hxl9x40IRt935N6btCFo9EDiccy8354SSUW0879MpLS2vrK6V1ysbm1vbO+7uXkuLVGHSxIIJ1QmRJoxy0jTUMNKRiqAkZKQdjq6nfvuBKE0FvzdjSXoJGnAaU4yMlfruSRArhLMIBswuRSjPIpPDQCohjYDf5u1cvoRe3616NW8G+Jf4BamCAo2+OwkigdOEcIMZ0rrre9L0MqQMxYzklSDVRCI8QgPStZSjhOheNguWwyOrRDAWyj5u4Ez9uZGhROtxEtrJBJmhXvSm4n9eNzXxRS+jXKaGcDw/FKcM2szTlmBEFcGGjS1BWFH7V4iHyJZhbJcVW4K/GPkvaZ3WfK/m351V61dFHWVwAA7BMfDBOaiDG9AATYDBI3gGr+DNeXJenHfnYz5acoqdffALzuQLeEaf/A==</latexit>

No resistance = superconductor!

Penetration length comparable with string size



Outline

• How strings affect photons

• Arahanov-Bohm effects

• CMB ways of looking for strings

• How photons affect strings

• Superconducting strings

• Colliding currents



Screening of Flux

v
<latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

B
<latexit sha1_base64="omio59kvEVQ455XgB3RHdtTRWpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldq9TyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AlGGMxg==</latexit><latexit sha1_base64="omio59kvEVQ455XgB3RHdtTRWpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldq9TyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AlGGMxg==</latexit><latexit sha1_base64="omio59kvEVQ455XgB3RHdtTRWpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldq9TyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AlGGMxg==</latexit><latexit sha1_base64="omio59kvEVQ455XgB3RHdtTRWpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldq9TyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AlGGMxg==</latexit>

String moving through a B field of a galaxy



Screening of Flux

v
<latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit>

⇥
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⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

B
<latexit sha1_base64="omio59kvEVQ455XgB3RHdtTRWpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldq9TyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AlGGMxg==</latexit><latexit sha1_base64="omio59kvEVQ455XgB3RHdtTRWpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldq9TyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AlGGMxg==</latexit><latexit sha1_base64="omio59kvEVQ455XgB3RHdtTRWpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldq9TyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AlGGMxg==</latexit><latexit sha1_base64="omio59kvEVQ455XgB3RHdtTRWpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldq9TyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AlGGMxg==</latexit>

Lenz law current

I
<latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit>



Screening of Flux

v
<latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit><latexit sha1_base64="Y1VFGg6QQHrr//k/0PvW2lPMVyo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N4US+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHstHM03Qj+hQ8pAzaqzUmPTLFbfqLkDWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgbNSL9WYUDamQ+xaKmmE2s8Wh87IhVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGtn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNiUbgrf68jppXVU9t+o1riu1uzyOIpzBOVyCBzdQgweoQxMYIDzDK7w5T86L8+58LFsLTj5zCn/gfP4A4zGM+g==</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
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⇥
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⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>
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Witten string, which is essentially magnetic, and the axion string, which is essentially electric. This
di↵erence can lead to drastically di↵erent phenomenology.

In order to study the e↵ects of magnetic fields, it will be crucial that magnetic fields can pass into
string loops. Namely, flux through a loop is not conserved for both Witten strings and axion strings.
We refer to this phenomenon as flux non-conservation. For most superconductors found in a lab, flux
through a superconducting loop is quantized and in most circumstances conserved. Magnetic flux can
enter or leave a superconducting ring only by tunneling vortices that carry unit magnetic flux through
the superconducting bulk. As will be proven below, Witten and axion strings do not have a conserved
flux because they are so narrow that magnetic flux can jump across the string easily (see Appendix C
for a detailed discussion of the non conservation and non quantization of the magnetic flux from a
more condensed matter perspective). Flux non-conservation will be critical for axion strings as flux
non-conservation is related to charge non-conservation so that axion strings also acquire electric charge
as magnetic fields pass by.

3.1 Charge conservation

We will be specifically interested in the charge/current on a string core and how it changes in time
and how it moves in space. The most useful way to track the total charge of a string is in terms of
flux. The reason for this is Faraday’s Law. The change in the charge of a string can be re-expressed
using the anomaly to be
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where we have assumed that the magnetic field is uniform along the string direction. If one neglects
particles being able to go onto or o↵ of the string core through means other than electric fields, then
one obtains

Qstring =
e
2�

2⇡
. (3.2)

In a more general setting (see appendix A for more details), we have

Qaxion +Qstring = Qtot, (3.3)

where Qtot is the total charge that is carried by the axion string core together with the flu↵y axion
cloud around it. The charge stored in the axion field can be easily found to be

Qaxion = QGoldstone-Wilczek = �
e
2�

2⇡
. (3.4)

We thus find the simple formula

Qstring = Qtot +
e
2�

2⇡
, (3.5)

generalizing Eq. 3.2. This relation is the same as the one derived in [7]. The charge Qtot is quantized
and conserved in most circumstances relevant for our future discussions. We leave the various cases
where Qtot can change to appendix A.
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Take d/dz of above and assuming only left movers

I =
Ae2
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Screening of Flux

Flux gives current

3.2 Witten’s superconducting strings moving through magnetic fields

We will be interested in how axion strings acquire charge and currents as an they move through a
magnetic field. To demonstrate the power of Eq. 3.2, we first reproduce how current goes onto Witten
strings when they are passing through magnetic fields before showing how the result was originally
derived. A Witten string can be thought of as two di↵erent axion strings of opposite orientation placed
on top of each other so that the anomalies cancel. We can use intuition from the axion string example
as long as one restricts to j

µ
zero�mode

and forgets about jµA as the j
µ
A from the two axion strings cancel

each other.

3.2.1 How Witten’s superconducting strings obtain current

As first shown in Ref. [24], when Witten strings pass through a magnetic field B0, particles are
produced on the wire at a rate

dN

dtdz
=

e⌘

2⇡
vB0. (3.6)

We derive this equation in two di↵erent ways below – using Eq. 3.2 as well as considering the scattering
of photons o↵ of the string. From Eq. 3.2 it follows that

dN

dtdz
= e

d�

dtdz
. (3.7)

Thus the problem boils down to understanding what is the total flux that passes through the loop
when there is an applied magnetic field B0. The reason why this is non-trivial is because of self
inductance. As shown before, the charge per unit length on the loop is

�
(1)

Q =
e
2

2⇡

d�

dz
�
(2)

Q = �
e
2

2⇡

d�

dz
, (3.8)

where the superscripts indicate the two opposite charged zero modes living on the string. A Witten
string has two zero modes as opposed to the axion’s single zero mode and the anomalies of the two
zero modes cancel each other, that is �(1)

Q + �
(2)

Q = 0. The total current on the string is

I = I1 + I2 = �
(1)

Q � �
(2)

Q =
e
2

⇡

d�

dz
, (3.9)

where the minus sign comes from the fact that the two zero modes travel in opposite directions. The
magnetic flux from the current I is

d�I

dz
=

I

2⇡
log(⇤/!) (3.10)

where we have introduced the size of the string core ⇠ 1/⇤ and the oscillation frequency of the applied
B field ! to regulate the log divergent magnetic flux similar to [24]. The total flux that goes through
the string is

� = �0 � �I ! � =
�0

1 + e2

2⇡2 log(⇤/!)
, (3.11)

where the minus sign comes from Lenz’s law. Using Eq. 3.7 and Eq. 3.11 we reproduce Witten’s result
using the anomaly equation. Moreover, the above mentioned computation allows us to calculate ⇤
explicitly in the case of a circular loop with a uniform current. In this situation,

⇤

!
=

8

e2

R

rs
(3.12)

– 8 –

Current gives flux

d�I

dz
=

I

2⇡
log (⇤R)
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Flux is not perfectly screened

I =
Ae2

2⇡

d�

dz
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4⇡ log (⇤R)
<latexit sha1_base64="M9dvnk0HiaivBbc2T1b//Vt9qns="></latexit><latexit sha1_base64="M9dvnk0HiaivBbc2T1b//Vt9qns="></latexit><latexit sha1_base64="M9dvnk0HiaivBbc2T1b//Vt9qns="></latexit><latexit sha1_base64="M9dvnk0HiaivBbc2T1b//Vt9qns="></latexit>



Currents coming from Galaxies
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⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

⇥
<latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit><latexit sha1_base64="EKJy6rjXhiAKrBUXGSg3J2VqHFQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uygSbnvlil/15yCrJMhJBXLUe+Wvbl+zLOEKmaTWdgI/xXBCDQom+bTUzSxPKRvRAe84qqhbEk7m107JmVP6JNbGlUIyV39PTGhi7TiJXGdCcWiXvZn4n9fJML4OJ0KlGXLFFoviTBLUZPY66QvDGcqxI5QZ4W4lbEgNZegCKrkQguWXV0nzohr41eD+slK7yeMowgmcwjkEcAU1uIM6NIDBIzzDK7x52nvx3r2PRWvBy2eO4Q+8zx+2K480</latexit>

B
<latexit sha1_base64="omio59kvEVQ455XgB3RHdtTRWpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldq9TyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AlGGMxg==</latexit><latexit sha1_base64="omio59kvEVQ455XgB3RHdtTRWpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldq9TyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AlGGMxg==</latexit><latexit sha1_base64="omio59kvEVQ455XgB3RHdtTRWpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldq9TyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AlGGMxg==</latexit><latexit sha1_base64="omio59kvEVQ455XgB3RHdtTRWpI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR+UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXldq9TyOIpzBOVyCBzdQg3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AlGGMxg==</latexit>

Axion string moving through a magnetic field

I
<latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit>

I =
e2

2⇡

1

1 + e2

4⇡ log (⇤R)
B dvs ⇡ 108�9GeV

<latexit sha1_base64="00CpvDgBONQTmMj5qK9M8gdXg2U="></latexit><latexit sha1_base64="00CpvDgBONQTmMj5qK9M8gdXg2U="></latexit><latexit sha1_base64="00CpvDgBONQTmMj5qK9M8gdXg2U="></latexit><latexit sha1_base64="00CpvDgBONQTmMj5qK9M8gdXg2U="></latexit>



Collisions

I
<latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit>

I
<latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit>

P ⇠ 1040erg/s ⇠ 107LSun
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Collisions are very bright!

How often to they occur?
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Currents are not generated very oftenI
<latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit><latexit sha1_base64="nRAJNhMEYHCrj/BVl5Oh8TzR1B0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi95asB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS475frrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3eRxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHnv2MzQ==</latexit>

O(100) String - 
Galaxy crossings

mode fermions on the string, the electric field decreases their momentum (Fermi momentum), which by
momentum conservation means that the SM bound states outside obtain a larger momentum. During
this process, the charge density on the string core �Q decreases as the Fermi momentum decreases while
the total charge on the string core is conserved. The SM particles outside of the string experience a
decrease in the electric field and rearrange into the new eigenstates of the changing potential, emitting
radiation in the process. This process allows energy to be released by our one-dimensional “atom” and
is similar in spirit to the � photons emitted during the rearrangement of an electron cloud following
an ↵ and �-decay in atomic physics. This process, together with the process we discuss in the next
subsection, allows the system we consider to dissipate energy and reach its ground state.

The strong magnetic fields in the universe are usually dipole like and as a result, it is expected that
as the string moves past a galaxy, it will eventually encounter a patch of magnetic field that has the
opposite orientation and the charge eventually averages to zero. We expect the charge overdensities
on the string to display a profile that resembles a wave packet, before colliding with the wave packet
coming from a nearby galaxy or another magnetic field patch. These collisions will be the topic of the
rest of the section.

5.3 Collisions on the string

Violent collision events can occur if nearby string segments go through magnetic field regions with
opposite orientations. As the charge overdensities travel along the string, the SM charged particle
cloud outside the string will move in tandem with the current on the string. As the strings go through
various magnetic field regions, di↵erent sized charge overdensities are formed and collide. For a visual
representation of this collision, click here. The main observable e↵ects of the strings are (see figure 2):

• Emission from the collision

• Emission from the surface of the plasma as the string charges and discharges

• Stellar objects the string goes through

We will first discuss the most spectacular of all the observable e↵ects, the collision. The number
of encounters between galaxies and strings, NK , in the universe depends on the number density of
strings, ns ⇠ ⇠H

3, where ⇠ is a free parameter that can in principle be fixed by simulations [14–16].
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where Ngalaxy is the total number of galaxies in the universe and Agalaxy is the cross section area of
a typical galaxy. For simplicity we take the total number of galaxies to serve as an estimate of the
number of strong magnetic field regions in the universe. The string length Lstring ⇠ 1/H is the typical
length of a string in the universe today.

As mentioned in the previous subsection, as the charge density moves, it is also losing energy and
spreading out. In order to have a collision, two magnetic field regions of opposite charge need to be
close by. A simple scenario where this occurs is if two galaxies are nearby and the string is going
through them both. Then the charge overdensity created by one can quickly propagate to the next
galaxy and cause a collision before a significant amount of energy is lost.

Out of these O(100) galaxies that the strings go through, many are embedded inside of a galaxy
cluster. Galaxy clusters host Ngc = O(102 ⇠ 103) galaxies within a O(10Mpc) region. If the string
passes through two galaxies in the galaxy cluster before the charge overdensity of the first has had
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Collisions

Collisions require two currents that 
hit each other

Happens if string passes through multiple 
galaxies in a galaxy cluster

I
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Galaxy cluster ~ 102 - 103 galaxies in 10 Mpc distances
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Figure 2. A schematic presentation of the two types of plasma collisions that can occur in the universe, as

the string is moving through the universe. Type A collisions (small red star) happen when the axion string

(blue solid line) moves through magnetic field regions with di↵erent orientation in the dipolar galactic magnetic

field [37]. This leads to a collisions inside the galaxy. Type B collisions (big red star) happen when the axiverse

string moves through di↵erent magnetic field regions of di↵erent galaxies inside a galaxy cluster, or di↵erent

magnetic field patches inside the galaxy cluster, which leads to collisions outside of a galaxy. Both the collision

and the charging and discharging of the string provides us with observable signals.

time to leave that section of the string, then a collision will occur. The probability that a collision
occurs because of this is
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where p0 is the percentage of galaxies in the universe that belongs to a galaxy cluster, and vs is the
velocity of the string. This suggests that there can be pNK ⇠ 10 of these collisions happening at any
given time in the observable universe.

Depending on how quickly the charge overdensities spread out, these collisions take anywhere
between t ⇠ 10 kpc ⇠ 104 years to t ⇠ 10 Mpc ⇠ 107 years to complete. In these collisions, the bound
state particles colliding release energy of order their binding energy
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10% of the O(100) = O(10) collisions at any given time
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1 Introduction

The ultraviolet structure of the standard model is one of the most fundamental questions in particle
physics. In general, it is a daunting task to unearth high-energy properties of the theory from low-
energy observations. However, there is a unique type of interaction that contains universal information
about the fundamental theory unpolluted by intervening physics. This special type of interaction is a
topological interaction [1]. In this paper, we consider the topological coupling of a compact pseudo-
scalar—an axion—with photons,

L =
A↵em

4⇡

a

f
F eF (1.1)

where 2⇡f is the periodicity of the axion a, ↵em is the fine structure constant, and A is the anomaly
coe�cient for the mixed anomaly between electromagnetism and the continuous shift symmetry of
the axion. Anomaly matching fixes the form of the interaction at any scale [2], such that the rational
number A is not renormalized and intervening physics between the high energy scale and the low
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