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Main Takeaways

• Chern-Weil symmetries are examples of higher-form 
global symmetries, with currents given by wedge 
products of gauge field strengths


• Many familiar phenomena in QFT and string theory 
can be understood in terms of Chern-Weil symmetries


• In the presence of Chern-Simons terms involving 
multiple gauge fields, the Weak Gravity Conjectures 
for these gauge fields can be mixed up with one 
another


• This has important implications for high-energy 
physics



Chern-Weil Symmetries




Higher-Form Global Symmetries

• In QFT, local operators may carry charge under an 
“ordinary” global symmetry


• A continuous global symmetry typically features a 
conserved (d-1)-form Noether current, satisfying 


• Similarly, q-dimensional operators may carry charge 
under a “q-form” global symmetry


• A continuous q-form symmetry typically features a 
conserved (d-q-1)-form Noether current, satisfying
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Gaiotto, Kapustin, Seiberg, Willett, ‘14



Chern-Weil Global Symmetries

• G gauge theory has conserved currents of the form


• Their conservation follows from               (G 
abelian)/the Bianchi identity                             (G 
non-abelian)


• They lead to                      -form global symmetries

• In 4d,               is a 4-form, so trivially conserved 

Nonetheless, there is a sense in which it generates a 
(-1)-form symmetry, as it has quantized (integral) 
periods. The associated charge is instanton number.

J = Tr(F k)
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k
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dAF := F + [A,F ] = 0
<latexit sha1_base64="DsS41nb3mM77z1ScJ2BF9b9tqpo=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLICglEcEHFFqU4rKCtYU0hMlk0g6dTMLMRCihG3/FjQsVt/6GO//GaZuFth64l8M59zJzj58wKpVlfRuFhcWl5ZXiamltfWNzy9zeeZBxKjBp4ZjFouMjSRjlpKWoYqSTCIIin5G2P7ge++1HIiSN+b0aJsSNUI/TkGKktOSZezDw6rABr6q6HUOnftJwYRVanlm2KtYEcJ7YOSmDHE3P/OoGMU4jwhVmSErHthLlZkgoihkZlbqpJAnCA9QjjqYcRUS62eSAETzUSgDDWOjiCk7U3xsZiqQcRr6ejJDqy1lvLP7nOakKL9yM8iRVhOPpQ2HKoIrhOA0YUEGwYkNNEBZU/xXiPhIIK51ZSYdgz548T1qnlcuKfXdWrt3kaRTBPjgAR8AG56AGbkETtAAGI/AMXsGb8WS8GO/Gx3S0YOQ7u+APjM8fHdCScQ==</latexit><latexit sha1_base64="DsS41nb3mM77z1ScJ2BF9b9tqpo=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLICglEcEHFFqU4rKCtYU0hMlk0g6dTMLMRCihG3/FjQsVt/6GO//GaZuFth64l8M59zJzj58wKpVlfRuFhcWl5ZXiamltfWNzy9zeeZBxKjBp4ZjFouMjSRjlpKWoYqSTCIIin5G2P7ge++1HIiSN+b0aJsSNUI/TkGKktOSZezDw6rABr6q6HUOnftJwYRVanlm2KtYEcJ7YOSmDHE3P/OoGMU4jwhVmSErHthLlZkgoihkZlbqpJAnCA9QjjqYcRUS62eSAETzUSgDDWOjiCk7U3xsZiqQcRr6ejJDqy1lvLP7nOakKL9yM8iRVhOPpQ2HKoIrhOA0YUEGwYkNNEBZU/xXiPhIIK51ZSYdgz548T1qnlcuKfXdWrt3kaRTBPjgAR8AG56AGbkETtAAGI/AMXsGb8WS8GO/Gx3S0YOQ7u+APjM8fHdCScQ==</latexit><latexit sha1_base64="DsS41nb3mM77z1ScJ2BF9b9tqpo=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLICglEcEHFFqU4rKCtYU0hMlk0g6dTMLMRCihG3/FjQsVt/6GO//GaZuFth64l8M59zJzj58wKpVlfRuFhcWl5ZXiamltfWNzy9zeeZBxKjBp4ZjFouMjSRjlpKWoYqSTCIIin5G2P7ge++1HIiSN+b0aJsSNUI/TkGKktOSZezDw6rABr6q6HUOnftJwYRVanlm2KtYEcJ7YOSmDHE3P/OoGMU4jwhVmSErHthLlZkgoihkZlbqpJAnCA9QjjqYcRUS62eSAETzUSgDDWOjiCk7U3xsZiqQcRr6ejJDqy1lvLP7nOakKL9yM8iRVhOPpQ2HKoIrhOA0YUEGwYkNNEBZU/xXiPhIIK51ZSYdgz548T1qnlcuKfXdWrt3kaRTBPjgAR8AG56AGbkETtAAGI/AMXsGb8WS8GO/Gx3S0YOQ7u+APjM8fHdCScQ==</latexit><latexit sha1_base64="DsS41nb3mM77z1ScJ2BF9b9tqpo=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLICglEcEHFFqU4rKCtYU0hMlk0g6dTMLMRCihG3/FjQsVt/6GO//GaZuFth64l8M59zJzj58wKpVlfRuFhcWl5ZXiamltfWNzy9zeeZBxKjBp4ZjFouMjSRjlpKWoYqSTCIIin5G2P7ge++1HIiSN+b0aJsSNUI/TkGKktOSZezDw6rABr6q6HUOnftJwYRVanlm2KtYEcJ7YOSmDHE3P/OoGMU4jwhVmSErHthLlZkgoihkZlbqpJAnCA9QjjqYcRUS62eSAETzUSgDDWOjiCk7U3xsZiqQcRr6ejJDqy1lvLP7nOakKL9yM8iRVhOPpQ2HKoIrhOA0YUEGwYkNNEBZU/xXiPhIIK51ZSYdgz548T1qnlcuKfXdWrt3kaRTBPjgAR8AG56AGbkETtAAGI/AMXsGb8WS8GO/Gx3S0YOQ7u+APjM8fHdCScQ==</latexit>

dF = 0
<latexit sha1_base64="BUGtH1vBPJ0CZqI9R4iDhAgvFik=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9CQRGPFYwttKFsNpt26WY37m6EEvonvHhQ8erv8ea/cdvmoK0PBh7vzTAzL0w508Z1v53S0vLK6lp5vbKxubW9U93de9AyU4T6RHKp2iHWlDNBfcMMp+1UUZyEnLbC4dXEbz1RpZkU92aU0iDBfcFiRrCxUhtF6AZdIrdXrbl1dwq0SLyC1KBAs1f96kaSZAkVhnCsdcdzUxPkWBlGOB1XupmmKSZD3KcdSwVOqA7y6b1jdGSVCMVS2RIGTdXfEzlOtB4loe1MsBnoeW8i/ud1MhOfBzkTaWaoILNFccaRkWjyPIqYosTwkSWYKGZvRWSAFSbGRlSxIXjzLy8S/6R+UffuTmuN6yKNMhzAIRyDB2fQgFtogg8EODzDK7w5j86L8+58zFpLTjGzD3/gfP4AD4yONw==</latexit><latexit sha1_base64="BUGtH1vBPJ0CZqI9R4iDhAgvFik=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9CQRGPFYwttKFsNpt26WY37m6EEvonvHhQ8erv8ea/cdvmoK0PBh7vzTAzL0w508Z1v53S0vLK6lp5vbKxubW9U93de9AyU4T6RHKp2iHWlDNBfcMMp+1UUZyEnLbC4dXEbz1RpZkU92aU0iDBfcFiRrCxUhtF6AZdIrdXrbl1dwq0SLyC1KBAs1f96kaSZAkVhnCsdcdzUxPkWBlGOB1XupmmKSZD3KcdSwVOqA7y6b1jdGSVCMVS2RIGTdXfEzlOtB4loe1MsBnoeW8i/ud1MhOfBzkTaWaoILNFccaRkWjyPIqYosTwkSWYKGZvRWSAFSbGRlSxIXjzLy8S/6R+UffuTmuN6yKNMhzAIRyDB2fQgFtogg8EODzDK7w5j86L8+58zFpLTjGzD3/gfP4AD4yONw==</latexit><latexit sha1_base64="BUGtH1vBPJ0CZqI9R4iDhAgvFik=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9CQRGPFYwttKFsNpt26WY37m6EEvonvHhQ8erv8ea/cdvmoK0PBh7vzTAzL0w508Z1v53S0vLK6lp5vbKxubW9U93de9AyU4T6RHKp2iHWlDNBfcMMp+1UUZyEnLbC4dXEbz1RpZkU92aU0iDBfcFiRrCxUhtF6AZdIrdXrbl1dwq0SLyC1KBAs1f96kaSZAkVhnCsdcdzUxPkWBlGOB1XupmmKSZD3KcdSwVOqA7y6b1jdGSVCMVS2RIGTdXfEzlOtB4loe1MsBnoeW8i/ud1MhOfBzkTaWaoILNFccaRkWjyPIqYosTwkSWYKGZvRWSAFSbGRlSxIXjzLy8S/6R+UffuTmuN6yKNMhzAIRyDB2fQgFtogg8EODzDK7w5j86L8+58zFpLTjGzD3/gfP4AD4yONw==</latexit><latexit sha1_base64="BUGtH1vBPJ0CZqI9R4iDhAgvFik=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUA9CQRGPFYwttKFsNpt26WY37m6EEvonvHhQ8erv8ea/cdvmoK0PBh7vzTAzL0w508Z1v53S0vLK6lp5vbKxubW9U93de9AyU4T6RHKp2iHWlDNBfcMMp+1UUZyEnLbC4dXEbz1RpZkU92aU0iDBfcFiRrCxUhtF6AZdIrdXrbl1dwq0SLyC1KBAs1f96kaSZAkVhnCsdcdzUxPkWBlGOB1XupmmKSZD3KcdSwVOqA7y6b1jdGSVCMVS2RIGTdXfEzlOtB4loe1MsBnoeW8i/ud1MhOfBzkTaWaoILNFccaRkWjyPIqYosTwkSWYKGZvRWSAFSbGRlSxIXjzLy8S/6R+UffuTmuN6yKNMhzAIRyDB2fQgFtogg8EODzDK7w5j86L8+58zFpLTjGzD3/gfP4AD4yONw==</latexit>

(d� 2k � 1)

<latexit sha1_base64="F2PUKtMd9tsx3OPLxmpGvnC3qY4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBahHlqSUtFj0YvHCvYD2lA2m027dLNJdzdCCf0TXjwo4tW/481/47bNQVsfDDzem2FmnhdzprRtf1u5jc2t7Z38bmFv/+DwqHh80lZRIgltkYhHsuthRTkTtKWZ5rQbS4pDj9OON76b+50nKhWLxKOextQN8VCwgBGsjdQt+5XauOJcDoolu2ovgNaJk5ESZGgOil99PyJJSIUmHCvVc+xYuymWmhFOZ4V+omiMyRgPac9QgUOq3HRx7wxdGMVHQSRNCY0W6u+JFIdKTUPPdIZYj9SqNxf/83qJDm7clIk40VSQ5aIg4UhHaP488pmkRPOpIZhIZm5FZIQlJtpEVDAhOKsvr5N2rerUq1cP9VLjNosjD2dwDmVw4BoacA9NaAEBDs/wCm/WxHqx3q2PZWvOymZO4Q+szx8PbI6v</latexit>



Eliminating CW Symmetries
• Since QG does not have exact global symmetries, these 

CW symmetries must either be broken or gauged

Broken Gauged

Add monopoles

dF 6= 0
<latexit sha1_base64="JjHo9XsuptNNsUFY5ObkSgZ2AGk=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG8FRTxWMLbShrLZTNqlu5u4uxFK6K/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpLyyura+X1ysbm1vZOdXfvXieZouDThCeqHRINnEnwDTMc2qkCIkIOrXB4OfFbT6A0S+SdGaUQCNKXLGaUGCs9RNe4K+ERu71qza27U+BF4hWkhgo0e9WvbpTQTIA0lBOtO56bmiAnyjDKYVzpZhpSQoekDx1LJRGgg3x68BgfWSXCcaJsSYOn6u+JnAitRyK0nYKYgZ73JuJ/Xicz8XmQM5lmBiSdLYozjk2CJ9/jiCmgho8sIVQxeyumA6IINTajig3Bm395kfgn9Yu6d3taa1wVaZTRATpEx8hDZ6iBblAT+YgigZ7RK3pzlPPivDsfs9aSU8zsoz9wPn8A8gqPZA==</latexit><latexit sha1_base64="JjHo9XsuptNNsUFY5ObkSgZ2AGk=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG8FRTxWMLbShrLZTNqlu5u4uxFK6K/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpLyyura+X1ysbm1vZOdXfvXieZouDThCeqHRINnEnwDTMc2qkCIkIOrXB4OfFbT6A0S+SdGaUQCNKXLGaUGCs9RNe4K+ERu71qza27U+BF4hWkhgo0e9WvbpTQTIA0lBOtO56bmiAnyjDKYVzpZhpSQoekDx1LJRGgg3x68BgfWSXCcaJsSYOn6u+JnAitRyK0nYKYgZ73JuJ/Xicz8XmQM5lmBiSdLYozjk2CJ9/jiCmgho8sIVQxeyumA6IINTajig3Bm395kfgn9Yu6d3taa1wVaZTRATpEx8hDZ6iBblAT+YgigZ7RK3pzlPPivDsfs9aSU8zsoz9wPn8A8gqPZA==</latexit><latexit sha1_base64="JjHo9XsuptNNsUFY5ObkSgZ2AGk=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG8FRTxWMLbShrLZTNqlu5u4uxFK6K/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpLyyura+X1ysbm1vZOdXfvXieZouDThCeqHRINnEnwDTMc2qkCIkIOrXB4OfFbT6A0S+SdGaUQCNKXLGaUGCs9RNe4K+ERu71qza27U+BF4hWkhgo0e9WvbpTQTIA0lBOtO56bmiAnyjDKYVzpZhpSQoekDx1LJRGgg3x68BgfWSXCcaJsSYOn6u+JnAitRyK0nYKYgZ73JuJ/Xicz8XmQM5lmBiSdLYozjk2CJ9/jiCmgho8sIVQxeyumA6IINTajig3Bm395kfgn9Yu6d3taa1wVaZTRATpEx8hDZ6iBblAT+YgigZ7RK3pzlPPivDsfs9aSU8zsoz9wPn8A8gqPZA==</latexit><latexit sha1_base64="JjHo9XsuptNNsUFY5ObkSgZ2AGk=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG8FRTxWMLbShrLZTNqlu5u4uxFK6K/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpLyyura+X1ysbm1vZOdXfvXieZouDThCeqHRINnEnwDTMc2qkCIkIOrXB4OfFbT6A0S+SdGaUQCNKXLGaUGCs9RNe4K+ERu71qza27U+BF4hWkhgo0e9WvbpTQTIA0lBOtO56bmiAnyjDKYVzpZhpSQoekDx1LJRGgg3x68BgfWSXCcaJsSYOn6u+JnAitRyK0nYKYgZ73JuJ/Xicz8XmQM5lmBiSdLYozjk2CJ9/jiCmgho8sIVQxeyumA6IINTajig3Bm395kfgn9Yu6d3taa1wVaZTRATpEx8hDZ6iBblAT+YgigZ7RK3pzlPPivDsfs9aSU8zsoz9wPn8A8gqPZA==</latexit>

Add d-4 form Cd�4
<latexit sha1_base64="q3tbyXuaw7TEZY/Hs7kcpjhRLD8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnor9uKxgrGFNpTNZtMu3WyW3Y1QQn+EFw8qXv0/3vw3btsctPXBwOO9GWbmhZIzbVz32ymtrW9sbpW3Kzu7e/sH1cOjR51milCfpDxV3RBrypmgvmGG065UFCchp51w3Jr5nSeqNEvFg5lIGiR4KFjMCDZW6rQGeXTRmA6qNbfuzoFWiVeQGhRoD6pf/SglWUKFIRxr3fNcaYIcK8MIp9NKP9NUYjLGQ9qzVOCE6iCfnztFZ1aJUJwqW8Kgufp7IseJ1pMktJ0JNiO97M3E/7xeZuLrIGdCZoYKslgUZxyZFM1+RxFTlBg+sQQTxeytiIywwsTYhCo2BG/55VXiX9Zv6t59o9a8LdIowwmcwjl4cAVNuIM2+EBgDM/wCm+OdF6cd+dj0Vpyiplj+APn8wcZk47z</latexit><latexit sha1_base64="q3tbyXuaw7TEZY/Hs7kcpjhRLD8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnor9uKxgrGFNpTNZtMu3WyW3Y1QQn+EFw8qXv0/3vw3btsctPXBwOO9GWbmhZIzbVz32ymtrW9sbpW3Kzu7e/sH1cOjR51milCfpDxV3RBrypmgvmGG065UFCchp51w3Jr5nSeqNEvFg5lIGiR4KFjMCDZW6rQGeXTRmA6qNbfuzoFWiVeQGhRoD6pf/SglWUKFIRxr3fNcaYIcK8MIp9NKP9NUYjLGQ9qzVOCE6iCfnztFZ1aJUJwqW8Kgufp7IseJ1pMktJ0JNiO97M3E/7xeZuLrIGdCZoYKslgUZxyZFM1+RxFTlBg+sQQTxeytiIywwsTYhCo2BG/55VXiX9Zv6t59o9a8LdIowwmcwjl4cAVNuIM2+EBgDM/wCm+OdF6cd+dj0Vpyiplj+APn8wcZk47z</latexit><latexit sha1_base64="q3tbyXuaw7TEZY/Hs7kcpjhRLD8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnor9uKxgrGFNpTNZtMu3WyW3Y1QQn+EFw8qXv0/3vw3btsctPXBwOO9GWbmhZIzbVz32ymtrW9sbpW3Kzu7e/sH1cOjR51milCfpDxV3RBrypmgvmGG065UFCchp51w3Jr5nSeqNEvFg5lIGiR4KFjMCDZW6rQGeXTRmA6qNbfuzoFWiVeQGhRoD6pf/SglWUKFIRxr3fNcaYIcK8MIp9NKP9NUYjLGQ9qzVOCE6iCfnztFZ1aJUJwqW8Kgufp7IseJ1pMktJ0JNiO97M3E/7xeZuLrIGdCZoYKslgUZxyZFM1+RxFTlBg+sQQTxeytiIywwsTYhCo2BG/55VXiX9Zv6t59o9a8LdIowwmcwjl4cAVNuIM2+EBgDM/wCm+OdF6cd+dj0Vpyiplj+APn8wcZk47z</latexit><latexit sha1_base64="q3tbyXuaw7TEZY/Hs7kcpjhRLD8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRgnor9uKxgrGFNpTNZtMu3WyW3Y1QQn+EFw8qXv0/3vw3btsctPXBwOO9GWbmhZIzbVz32ymtrW9sbpW3Kzu7e/sH1cOjR51milCfpDxV3RBrypmgvmGG065UFCchp51w3Jr5nSeqNEvFg5lIGiR4KFjMCDZW6rQGeXTRmA6qNbfuzoFWiVeQGhRoD6pf/SglWUKFIRxr3fNcaYIcK8MIp9NKP9NUYjLGQ9qzVOCE6iCfnztFZ1aJUJwqW8Kgufp7IseJ1pMktJ0JNiO97M3E/7xeZuLrIGdCZoYKslgUZxyZFM1+RxFTlBg+sQQTxeytiIywwsTYhCo2BG/55VXiX9Zv6t59o9a8LdIowwmcwjl4cAVNuIM2+EBgDM/wCm+OdF6cd+dj0Vpyiplj+APn8wcZk47z</latexit>

L � Cd�4 ^ F ^ F
<latexit sha1_base64="i687VEJR6aUjBeAuNXypvVftjZ8=">AAACFXicbVDNSgMxGMz6W+tf1aOXYBG8tOxKQb0VC+LBQwVrC21Zstlv29BsdkmySln6FF58FS8eVLwK3nwbs20RbR0ITGa+j2TGizlT2ra/rIXFpeWV1dxafn1jc2u7sLN7q6JEUmjQiEey5REFnAloaKY5tGIJJPQ4NL1BLfObdyAVi8SNHsbQDUlPsIBRoo3kFkqdkOg+JTy9GuGOSmIFGtfc1C9VzP0e/B7gix/iFop22R4DzxNnSopoirpb+Oz4EU1CEJpyolTbsWPdTYnUjHIY5TuJgpjQAelB21BBQlDddBxrhA+N4uMgkuYIjcfq742UhEoNQ89MZiHUrJeJ/3ntRAen3ZSJONEg6OShIOFYRzjrCPtMAtV8aAihkpm/YtonklBtmsybEpzZyPOkcVw+KzvXlWL1fNpGDu2jA3SEHHSCqugS1VEDUfSAntALerUerWfrzXqfjC5Y05099AfWxzcKdZ42</latexit><latexit sha1_base64="i687VEJR6aUjBeAuNXypvVftjZ8=">AAACFXicbVDNSgMxGMz6W+tf1aOXYBG8tOxKQb0VC+LBQwVrC21Zstlv29BsdkmySln6FF58FS8eVLwK3nwbs20RbR0ITGa+j2TGizlT2ra/rIXFpeWV1dxafn1jc2u7sLN7q6JEUmjQiEey5REFnAloaKY5tGIJJPQ4NL1BLfObdyAVi8SNHsbQDUlPsIBRoo3kFkqdkOg+JTy9GuGOSmIFGtfc1C9VzP0e/B7gix/iFop22R4DzxNnSopoirpb+Oz4EU1CEJpyolTbsWPdTYnUjHIY5TuJgpjQAelB21BBQlDddBxrhA+N4uMgkuYIjcfq742UhEoNQ89MZiHUrJeJ/3ntRAen3ZSJONEg6OShIOFYRzjrCPtMAtV8aAihkpm/YtonklBtmsybEpzZyPOkcVw+KzvXlWL1fNpGDu2jA3SEHHSCqugS1VEDUfSAntALerUerWfrzXqfjC5Y05099AfWxzcKdZ42</latexit><latexit sha1_base64="i687VEJR6aUjBeAuNXypvVftjZ8=">AAACFXicbVDNSgMxGMz6W+tf1aOXYBG8tOxKQb0VC+LBQwVrC21Zstlv29BsdkmySln6FF58FS8eVLwK3nwbs20RbR0ITGa+j2TGizlT2ra/rIXFpeWV1dxafn1jc2u7sLN7q6JEUmjQiEey5REFnAloaKY5tGIJJPQ4NL1BLfObdyAVi8SNHsbQDUlPsIBRoo3kFkqdkOg+JTy9GuGOSmIFGtfc1C9VzP0e/B7gix/iFop22R4DzxNnSopoirpb+Oz4EU1CEJpyolTbsWPdTYnUjHIY5TuJgpjQAelB21BBQlDddBxrhA+N4uMgkuYIjcfq742UhEoNQ89MZiHUrJeJ/3ntRAen3ZSJONEg6OShIOFYRzjrCPtMAtV8aAihkpm/YtonklBtmsybEpzZyPOkcVw+KzvXlWL1fNpGDu2jA3SEHHSCqugS1VEDUfSAntALerUerWfrzXqfjC5Y05099AfWxzcKdZ42</latexit><latexit sha1_base64="i687VEJR6aUjBeAuNXypvVftjZ8=">AAACFXicbVDNSgMxGMz6W+tf1aOXYBG8tOxKQb0VC+LBQwVrC21Zstlv29BsdkmySln6FF58FS8eVLwK3nwbs20RbR0ITGa+j2TGizlT2ra/rIXFpeWV1dxafn1jc2u7sLN7q6JEUmjQiEey5REFnAloaKY5tGIJJPQ4NL1BLfObdyAVi8SNHsbQDUlPsIBRoo3kFkqdkOg+JTy9GuGOSmIFGtfc1C9VzP0e/B7gix/iFop22R4DzxNnSopoirpb+Oz4EU1CEJpyolTbsWPdTYnUjHIY5TuJgpjQAelB21BBQlDddBxrhA+N4uMgkuYIjcfq742UhEoNQ89MZiHUrJeJ/3ntRAen3ZSJONEg6OShIOFYRzjrCPtMAtV8aAihkpm/YtonklBtmsybEpzZyPOkcVw+KzvXlWL1fNpGDu2jA3SEHHSCqugS1VEDUfSAntALerUerWfrzXqfjC5Y05099AfWxzcKdZ42</latexit>

symmetry gauged) F 2 = d(· · · )
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symmetry broken) F 2 = d(· · · )
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) d(F ^ F ) 6= 0
<latexit sha1_base64="/yc+xs2j3W7/Ie3l9RdUauackMw=">AAACCHicbVBNS8NAEN34WetX1KOXxSLUS0lEUG8FpXisYm2hCWWzmbRLN5u4u7GU0qsX/4oXDype/Qne/DduPw7a+mDg8d4MM/OClDOlHefbWlhcWl5Zza3l1zc2t7btnd07lWSSQo0mPJGNgCjgTEBNM82hkUogccChHnQvRn79AaRiibjV/RT8mLQFixgl2kgtG3s3rN3RRMqkh8NiBXs9CNuAK0fYE3CPnZZdcErOGHieuFNSQFNUW/aXFyY0i0FoyolSTddJtT8gUjPKYZj3MgUpoV3ShqahgsSg/MH4kyE+NEqIo0SaEhqP1d8TAxIr1Y8D0xkT3VGz3kj8z2tmOjrzB0ykmQZBJ4uijGOd4FEsOGQSqOZ9QwiVzNyKaYdIQrUJL29CcGdfnie149J5yb0+KZQvp2nk0D46QEXkolNURleoimqIokf0jF7Rm/VkvVjv1sekdcGazuyhP7A+fwBTY5hf</latexit><latexit sha1_base64="/yc+xs2j3W7/Ie3l9RdUauackMw=">AAACCHicbVBNS8NAEN34WetX1KOXxSLUS0lEUG8FpXisYm2hCWWzmbRLN5u4u7GU0qsX/4oXDype/Qne/DduPw7a+mDg8d4MM/OClDOlHefbWlhcWl5Zza3l1zc2t7btnd07lWSSQo0mPJGNgCjgTEBNM82hkUogccChHnQvRn79AaRiibjV/RT8mLQFixgl2kgtG3s3rN3RRMqkh8NiBXs9CNuAK0fYE3CPnZZdcErOGHieuFNSQFNUW/aXFyY0i0FoyolSTddJtT8gUjPKYZj3MgUpoV3ShqahgsSg/MH4kyE+NEqIo0SaEhqP1d8TAxIr1Y8D0xkT3VGz3kj8z2tmOjrzB0ykmQZBJ4uijGOd4FEsOGQSqOZ9QwiVzNyKaYdIQrUJL29CcGdfnie149J5yb0+KZQvp2nk0D46QEXkolNURleoimqIokf0jF7Rm/VkvVjv1sekdcGazuyhP7A+fwBTY5hf</latexit><latexit sha1_base64="/yc+xs2j3W7/Ie3l9RdUauackMw=">AAACCHicbVBNS8NAEN34WetX1KOXxSLUS0lEUG8FpXisYm2hCWWzmbRLN5u4u7GU0qsX/4oXDype/Qne/DduPw7a+mDg8d4MM/OClDOlHefbWlhcWl5Zza3l1zc2t7btnd07lWSSQo0mPJGNgCjgTEBNM82hkUogccChHnQvRn79AaRiibjV/RT8mLQFixgl2kgtG3s3rN3RRMqkh8NiBXs9CNuAK0fYE3CPnZZdcErOGHieuFNSQFNUW/aXFyY0i0FoyolSTddJtT8gUjPKYZj3MgUpoV3ShqahgsSg/MH4kyE+NEqIo0SaEhqP1d8TAxIr1Y8D0xkT3VGz3kj8z2tmOjrzB0ykmQZBJ4uijGOd4FEsOGQSqOZ9QwiVzNyKaYdIQrUJL29CcGdfnie149J5yb0+KZQvp2nk0D46QEXkolNURleoimqIokf0jF7Rm/VkvVjv1sekdcGazuyhP7A+fwBTY5hf</latexit><latexit sha1_base64="/yc+xs2j3W7/Ie3l9RdUauackMw=">AAACCHicbVBNS8NAEN34WetX1KOXxSLUS0lEUG8FpXisYm2hCWWzmbRLN5u4u7GU0qsX/4oXDype/Qne/DduPw7a+mDg8d4MM/OClDOlHefbWlhcWl5Zza3l1zc2t7btnd07lWSSQo0mPJGNgCjgTEBNM82hkUogccChHnQvRn79AaRiibjV/RT8mLQFixgl2kgtG3s3rN3RRMqkh8NiBXs9CNuAK0fYE3CPnZZdcErOGHieuFNSQFNUW/aXFyY0i0FoyolSTddJtT8gUjPKYZj3MgUpoV3ShqahgsSg/MH4kyE+NEqIo0SaEhqP1d8TAxIr1Y8D0xkT3VGz3kj8z2tmOjrzB0ykmQZBJ4uijGOd4FEsOGQSqOZ9QwiVzNyKaYdIQrUJL29CcGdfnie149J5yb0+KZQvp2nk0D46QEXkolNURleoimqIokf0jF7Rm/VkvVjv1sekdcGazuyhP7A+fwBTY5hf</latexit>

) F ^ F = d(· · · )
<latexit sha1_base64="fTH3XmeoLEQ/AV+WsofWM93bHGI=">AAACCnicbZA9SwNBEIb3/IzxK2ppsyQI2oQ7EdRCCChiGcWYQC6Evb1JsmTv9tidM4SQ3sa/YmOhYusvsPPfuPko1PjCwsM7M8zOGyRSGHTdL2dufmFxaTmzkl1dW9/YzG1t3xmVag4VrqTStYAZkCKGCgqUUEs0sCiQUA2656N69R60ESq+xX4CjYi1Y9ESnKG1mrm8fyPaHWRaqx69pH4PwjZYOKPhvs9DheagmSu4RXcsOgveFApkqnIz9+mHiqcRxMglM6buuQk2Bkyj4BKGWT81kDDeZW2oW4xZBKYxGN8ypHvWCWlLaftipGP358SARcb0o8B2Rgw75m9tZP5Xq6fYOmkMRJykCDGfLGqlkqKio2BoKDRwlH0LjGth/0p5h2nG0caXtSF4f0+ehcph8bToXR8VShfTNDJkl+TJPvHIMSmRK1ImFcLJA3kiL+TVeXSenTfnfdI650xndsgvOR/fD2iZWQ==</latexit><latexit sha1_base64="fTH3XmeoLEQ/AV+WsofWM93bHGI=">AAACCnicbZA9SwNBEIb3/IzxK2ppsyQI2oQ7EdRCCChiGcWYQC6Evb1JsmTv9tidM4SQ3sa/YmOhYusvsPPfuPko1PjCwsM7M8zOGyRSGHTdL2dufmFxaTmzkl1dW9/YzG1t3xmVag4VrqTStYAZkCKGCgqUUEs0sCiQUA2656N69R60ESq+xX4CjYi1Y9ESnKG1mrm8fyPaHWRaqx69pH4PwjZYOKPhvs9DheagmSu4RXcsOgveFApkqnIz9+mHiqcRxMglM6buuQk2Bkyj4BKGWT81kDDeZW2oW4xZBKYxGN8ypHvWCWlLaftipGP358SARcb0o8B2Rgw75m9tZP5Xq6fYOmkMRJykCDGfLGqlkqKio2BoKDRwlH0LjGth/0p5h2nG0caXtSF4f0+ehcph8bToXR8VShfTNDJkl+TJPvHIMSmRK1ImFcLJA3kiL+TVeXSenTfnfdI650xndsgvOR/fD2iZWQ==</latexit><latexit sha1_base64="fTH3XmeoLEQ/AV+WsofWM93bHGI=">AAACCnicbZA9SwNBEIb3/IzxK2ppsyQI2oQ7EdRCCChiGcWYQC6Evb1JsmTv9tidM4SQ3sa/YmOhYusvsPPfuPko1PjCwsM7M8zOGyRSGHTdL2dufmFxaTmzkl1dW9/YzG1t3xmVag4VrqTStYAZkCKGCgqUUEs0sCiQUA2656N69R60ESq+xX4CjYi1Y9ESnKG1mrm8fyPaHWRaqx69pH4PwjZYOKPhvs9DheagmSu4RXcsOgveFApkqnIz9+mHiqcRxMglM6buuQk2Bkyj4BKGWT81kDDeZW2oW4xZBKYxGN8ypHvWCWlLaftipGP358SARcb0o8B2Rgw75m9tZP5Xq6fYOmkMRJykCDGfLGqlkqKio2BoKDRwlH0LjGth/0p5h2nG0caXtSF4f0+ehcph8bToXR8VShfTNDJkl+TJPvHIMSmRK1ImFcLJA3kiL+TVeXSenTfnfdI650xndsgvOR/fD2iZWQ==</latexit><latexit sha1_base64="fTH3XmeoLEQ/AV+WsofWM93bHGI=">AAACCnicbZA9SwNBEIb3/IzxK2ppsyQI2oQ7EdRCCChiGcWYQC6Evb1JsmTv9tidM4SQ3sa/YmOhYusvsPPfuPko1PjCwsM7M8zOGyRSGHTdL2dufmFxaTmzkl1dW9/YzG1t3xmVag4VrqTStYAZkCKGCgqUUEs0sCiQUA2656N69R60ESq+xX4CjYi1Y9ESnKG1mrm8fyPaHWRaqx69pH4PwjZYOKPhvs9DheagmSu4RXcsOgveFApkqnIz9+mHiqcRxMglM6buuQk2Bkyj4BKGWT81kDDeZW2oW4xZBKYxGN8ypHvWCWlLaftipGP358SARcb0o8B2Rgw75m9tZP5Xq6fYOmkMRJykCDGfLGqlkqKio2BoKDRwlH0LjGth/0p5h2nG0caXtSF4f0+ehcph8bToXR8VShfTNDJkl+TJPvHIMSmRK1ImFcLJA3kiL+TVeXSenTfnfdI650xndsgvOR/fD2iZWQ==</latexit>



Breaking CW Symmetries by Unification

• Consider GUT symmetry breaking in d dimensions:


• UV: expect one CW current,                 , gauged by 

• IR: expect three CW currents, 


• An IR theorist might over-count CW symmetries 
and expect more d-4 forms than actually exist. One 
CW symmetry will be gauged, other CW currents in 
IR are broken in UV by unification

SU(5) ! SU(3)⇥ SU(2)⇥ U(1)
<latexit sha1_base64="lumzTP+9wWN/rkI1iEw+BsgNicY=">AAACGHicbVDLTgIxFO3gC/E16tJNIzGBDZlBjboj0YVLjI6QwIR0SgcaOo+0dzSE8Btu/BU3LtS4Zeff2IGJUfAkTc49597c3uPFgiuwrC8jt7S8srqWXy9sbG5t75i7e/cqSiRlDo1EJJseUUzwkDnAQbBmLBkJPMEa3uAy9RsPTCoehXcwjJkbkF7IfU4JaKljWrdO6bSM25L3+kCkjB6xVo61AjxgKi2qP4VTsssds2hVrCnwIrEzUkQZ6h1z0u5GNAlYCFQQpVq2FYM7IhI4FWxcaCeKxYQOSI+1NA2J3uSOppeN8ZFWutiPpH4h4Kn6e2JEAqWGgac7AwJ9Ne+l4n9eKwH/3B3xME6AhXS2yE8EhginMeEul4yCGGpCqOT6r5j2iSQUdJgFHYI9f/IicaqVi4p9c1KsXWVp5NEBOkQlZKMzVEPXqI4cRNETekFv6N14Nl6ND+Nz1pozspl99AfG5BuXAJ0e</latexit><latexit sha1_base64="lumzTP+9wWN/rkI1iEw+BsgNicY=">AAACGHicbVDLTgIxFO3gC/E16tJNIzGBDZlBjboj0YVLjI6QwIR0SgcaOo+0dzSE8Btu/BU3LtS4Zeff2IGJUfAkTc49597c3uPFgiuwrC8jt7S8srqWXy9sbG5t75i7e/cqSiRlDo1EJJseUUzwkDnAQbBmLBkJPMEa3uAy9RsPTCoehXcwjJkbkF7IfU4JaKljWrdO6bSM25L3+kCkjB6xVo61AjxgKi2qP4VTsssds2hVrCnwIrEzUkQZ6h1z0u5GNAlYCFQQpVq2FYM7IhI4FWxcaCeKxYQOSI+1NA2J3uSOppeN8ZFWutiPpH4h4Kn6e2JEAqWGgac7AwJ9Ne+l4n9eKwH/3B3xME6AhXS2yE8EhginMeEul4yCGGpCqOT6r5j2iSQUdJgFHYI9f/IicaqVi4p9c1KsXWVp5NEBOkQlZKMzVEPXqI4cRNETekFv6N14Nl6ND+Nz1pozspl99AfG5BuXAJ0e</latexit><latexit sha1_base64="lumzTP+9wWN/rkI1iEw+BsgNicY=">AAACGHicbVDLTgIxFO3gC/E16tJNIzGBDZlBjboj0YVLjI6QwIR0SgcaOo+0dzSE8Btu/BU3LtS4Zeff2IGJUfAkTc49597c3uPFgiuwrC8jt7S8srqWXy9sbG5t75i7e/cqSiRlDo1EJJseUUzwkDnAQbBmLBkJPMEa3uAy9RsPTCoehXcwjJkbkF7IfU4JaKljWrdO6bSM25L3+kCkjB6xVo61AjxgKi2qP4VTsssds2hVrCnwIrEzUkQZ6h1z0u5GNAlYCFQQpVq2FYM7IhI4FWxcaCeKxYQOSI+1NA2J3uSOppeN8ZFWutiPpH4h4Kn6e2JEAqWGgac7AwJ9Ne+l4n9eKwH/3B3xME6AhXS2yE8EhginMeEul4yCGGpCqOT6r5j2iSQUdJgFHYI9f/IicaqVi4p9c1KsXWVp5NEBOkQlZKMzVEPXqI4cRNETekFv6N14Nl6ND+Nz1pozspl99AfG5BuXAJ0e</latexit><latexit sha1_base64="lumzTP+9wWN/rkI1iEw+BsgNicY=">AAACGHicbVDLTgIxFO3gC/E16tJNIzGBDZlBjboj0YVLjI6QwIR0SgcaOo+0dzSE8Btu/BU3LtS4Zeff2IGJUfAkTc49597c3uPFgiuwrC8jt7S8srqWXy9sbG5t75i7e/cqSiRlDo1EJJseUUzwkDnAQbBmLBkJPMEa3uAy9RsPTCoehXcwjJkbkF7IfU4JaKljWrdO6bSM25L3+kCkjB6xVo61AjxgKi2qP4VTsssds2hVrCnwIrEzUkQZ6h1z0u5GNAlYCFQQpVq2FYM7IhI4FWxcaCeKxYQOSI+1NA2J3uSOppeN8ZFWutiPpH4h4Kn6e2JEAqWGgac7AwJ9Ne+l4n9eKwH/3B3xME6AhXS2yE8EhginMeEul4yCGGpCqOT6r5j2iSQUdJgFHYI9f/IicaqVi4p9c1KsXWVp5NEBOkQlZKMzVEPXqI4cRNETekFv6N14Nl6ND+Nz1pozspl99AfG5BuXAJ0e</latexit>

TrF 2
SU(5)

<latexit sha1_base64="lps5KPUM4iTkAojfO6m7A/x2cKw=">AAACAHicbVDLSgNBEJyNrxhfUS+Cl8EgRJCwGxT1FlDEY8SsCWTXMDuZJENmH8z0imFZL/6KFw8qXv0Mb/6Nk8dBEwsaiqpuuru8SHAFpvltZObmFxaXssu5ldW19Y385tatCmNJmU1DEcqGRxQTPGA2cBCsEUlGfE+wutc/H/r1eyYVD4MaDCLm+qQb8A6nBLTUyu84wB4gqckUO4f4spXc2MXjg/Su3MoXzJI5Ap4l1oQU0ATVVv7LaYc09lkAVBClmpYZgZsQCZwKluacWLGI0D7psqamAfGZcpPRByne10obd0KpKwA8Un9PJMRXauB7utMn0FPT3lD8z2vG0Dl1Ex5EMbCAjhd1YoEhxMM4cJtLRkEMNCFUcn0rpj0iCQUdWk6HYE2/PEvscumsZF0fFSoXkzSyaBftoSKy0AmqoCtURTai6BE9o1f0ZjwZL8a78TFuzRiTmW30B8bnD+trlXM=</latexit><latexit sha1_base64="lps5KPUM4iTkAojfO6m7A/x2cKw=">AAACAHicbVDLSgNBEJyNrxhfUS+Cl8EgRJCwGxT1FlDEY8SsCWTXMDuZJENmH8z0imFZL/6KFw8qXv0Mb/6Nk8dBEwsaiqpuuru8SHAFpvltZObmFxaXssu5ldW19Y385tatCmNJmU1DEcqGRxQTPGA2cBCsEUlGfE+wutc/H/r1eyYVD4MaDCLm+qQb8A6nBLTUyu84wB4gqckUO4f4spXc2MXjg/Su3MoXzJI5Ap4l1oQU0ATVVv7LaYc09lkAVBClmpYZgZsQCZwKluacWLGI0D7psqamAfGZcpPRByne10obd0KpKwA8Un9PJMRXauB7utMn0FPT3lD8z2vG0Dl1Ex5EMbCAjhd1YoEhxMM4cJtLRkEMNCFUcn0rpj0iCQUdWk6HYE2/PEvscumsZF0fFSoXkzSyaBftoSKy0AmqoCtURTai6BE9o1f0ZjwZL8a78TFuzRiTmW30B8bnD+trlXM=</latexit><latexit sha1_base64="lps5KPUM4iTkAojfO6m7A/x2cKw=">AAACAHicbVDLSgNBEJyNrxhfUS+Cl8EgRJCwGxT1FlDEY8SsCWTXMDuZJENmH8z0imFZL/6KFw8qXv0Mb/6Nk8dBEwsaiqpuuru8SHAFpvltZObmFxaXssu5ldW19Y385tatCmNJmU1DEcqGRxQTPGA2cBCsEUlGfE+wutc/H/r1eyYVD4MaDCLm+qQb8A6nBLTUyu84wB4gqckUO4f4spXc2MXjg/Su3MoXzJI5Ap4l1oQU0ATVVv7LaYc09lkAVBClmpYZgZsQCZwKluacWLGI0D7psqamAfGZcpPRByne10obd0KpKwA8Un9PJMRXauB7utMn0FPT3lD8z2vG0Dl1Ex5EMbCAjhd1YoEhxMM4cJtLRkEMNCFUcn0rpj0iCQUdWk6HYE2/PEvscumsZF0fFSoXkzSyaBftoSKy0AmqoCtURTai6BE9o1f0ZjwZL8a78TFuzRiTmW30B8bnD+trlXM=</latexit><latexit sha1_base64="lps5KPUM4iTkAojfO6m7A/x2cKw=">AAACAHicbVDLSgNBEJyNrxhfUS+Cl8EgRJCwGxT1FlDEY8SsCWTXMDuZJENmH8z0imFZL/6KFw8qXv0Mb/6Nk8dBEwsaiqpuuru8SHAFpvltZObmFxaXssu5ldW19Y385tatCmNJmU1DEcqGRxQTPGA2cBCsEUlGfE+wutc/H/r1eyYVD4MaDCLm+qQb8A6nBLTUyu84wB4gqckUO4f4spXc2MXjg/Su3MoXzJI5Ap4l1oQU0ATVVv7LaYc09lkAVBClmpYZgZsQCZwKluacWLGI0D7psqamAfGZcpPRByne10obd0KpKwA8Un9PJMRXauB7utMn0FPT3lD8z2vG0Dl1Ex5EMbCAjhd1YoEhxMM4cJtLRkEMNCFUcn0rpj0iCQUdWk6HYE2/PEvscumsZF0fFSoXkzSyaBftoSKy0AmqoCtURTai6BE9o1f0ZjwZL8a78TFuzRiTmW30B8bnD+trlXM=</latexit>

TrF 2
SU(3), TrF 2

SU(2), TrF 2
U(1)
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Implications of Chern-Weil 
Symmetries




Axions and Quantum Gravity

• Axions are ubiquitous in string compactifications

• CW currents gauged by                                  Chern-

Simons terms in d > 4 dimensions, which reduce in 
4d to            


• Chern-Weil perspective helps explain prevalence of 
axions in quantum gravity: they are needed to 
remove would-be global symmetries by gauging 
them (not just “looking under the lamppost”)

Cd�4 ^ Tr(F ^ F )
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The Axion Quality Problem
• Common concern about axions for solving CP problem is 

the axion quality problem. Misaligned contributions to 
potential could spoil the solution:


• If            , need 

• The Chern-Weil perspective ameliorates this worry: given 

two kinds of instantons, expect either two different axions 
(both symmetries gauged), or else expect some way to 
transform instantons into one another (one symmetry 
broken)


• Suggests we only need worry about gauge sectors that 
can be unified with QCD

� 6= 0
<latexit sha1_base64="bs4v88bX8MaGtjbzKOaM6pOmf8M=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsJu3SzSbdnRRK6e/w4kHFq3/Gm//G7cdBWx8MPN6bYWZemElh0HW/ncLa+sbmVnG7tLO7t39QPjx6MmmuOfg8laluhsyAFAp8FCihmWlgSSihEfbvpn5jCNqIVD3iKIMgYV0lYsEZWiloRyCR0baCAXU75YpbdWegq8RbkApZoN4pf7WjlOcJKOSSGdPy3AyDMdMouIRJqZ0byBjvsy60LFUsAROMZ0dP6JlVIhqn2pZCOlN/T4xZYswoCW1nwrBnlr2p+J/XyjG+DsZCZTmC4vNFcS4ppnSaAI2EBo5yZAnjWthbKe8xzTjanEo2BG/55VXiX1Rvqt7DZaV2u0ijSE7IKTknHrkiNXJP6sQnnAzIM3klb87QeXHenY95a8FZzByTP3A+fwA2T5FG</latexit><latexit sha1_base64="bs4v88bX8MaGtjbzKOaM6pOmf8M=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsJu3SzSbdnRRK6e/w4kHFq3/Gm//G7cdBWx8MPN6bYWZemElh0HW/ncLa+sbmVnG7tLO7t39QPjx6MmmuOfg8laluhsyAFAp8FCihmWlgSSihEfbvpn5jCNqIVD3iKIMgYV0lYsEZWiloRyCR0baCAXU75YpbdWegq8RbkApZoN4pf7WjlOcJKOSSGdPy3AyDMdMouIRJqZ0byBjvsy60LFUsAROMZ0dP6JlVIhqn2pZCOlN/T4xZYswoCW1nwrBnlr2p+J/XyjG+DsZCZTmC4vNFcS4ppnSaAI2EBo5yZAnjWthbKe8xzTjanEo2BG/55VXiX1Rvqt7DZaV2u0ijSE7IKTknHrkiNXJP6sQnnAzIM3klb87QeXHenY95a8FZzByTP3A+fwA2T5FG</latexit><latexit sha1_base64="bs4v88bX8MaGtjbzKOaM6pOmf8M=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsJu3SzSbdnRRK6e/w4kHFq3/Gm//G7cdBWx8MPN6bYWZemElh0HW/ncLa+sbmVnG7tLO7t39QPjx6MmmuOfg8laluhsyAFAp8FCihmWlgSSihEfbvpn5jCNqIVD3iKIMgYV0lYsEZWiloRyCR0baCAXU75YpbdWegq8RbkApZoN4pf7WjlOcJKOSSGdPy3AyDMdMouIRJqZ0byBjvsy60LFUsAROMZ0dP6JlVIhqn2pZCOlN/T4xZYswoCW1nwrBnlr2p+J/XyjG+DsZCZTmC4vNFcS4ppnSaAI2EBo5yZAnjWthbKe8xzTjanEo2BG/55VXiX1Rvqt7DZaV2u0ijSE7IKTknHrkiNXJP6sQnnAzIM3klb87QeXHenY95a8FZzByTP3A+fwA2T5FG</latexit><latexit sha1_base64="bs4v88bX8MaGtjbzKOaM6pOmf8M=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQ9lsJu3SzSbdnRRK6e/w4kHFq3/Gm//G7cdBWx8MPN6bYWZemElh0HW/ncLa+sbmVnG7tLO7t39QPjx6MmmuOfg8laluhsyAFAp8FCihmWlgSSihEfbvpn5jCNqIVD3iKIMgYV0lYsEZWiloRyCR0baCAXU75YpbdWegq8RbkApZoN4pf7WjlOcJKOSSGdPy3AyDMdMouIRJqZ0byBjvsy60LFUsAROMZ0dP6JlVIhqn2pZCOlN/T4xZYswoCW1nwrBnlr2p+J/XyjG+DsZCZTmC4vNFcS4ppnSaAI2EBo5yZAnjWthbKe8xzTjanEo2BG/55VXiX1Rvqt7DZaV2u0ijSE7IKTknHrkiNXJP6sQnnAzIM3klb87QeXHenY95a8FZzByTP3A+fwA2T5FG</latexit>

Sother � SQCD
<latexit sha1_base64="ydePaDN8AO6Qnfr4QnZmP5dth+Q=">AAACC3icbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FsgOXhM0JhAsoTZSW8yZPbBTK8Ylv0AL/6KFw8qXv0Bb/6NkweiiQUDRVU1PV1eLIVG2/6ylpZXVtfWcxv5za3tnd3C3v6tjhLFocEjGamWxzRIEUIDBUpoxQpY4EloesPK2G/egdIiCm9wFIMbsH4ofMEZGqlbKF530w7CPaYRDkBlGe30+/RHrFeqWWZSdsmegC4SZ0aKZIZat/DZ6UU8CSBELpnWbceO0U2ZQsElZPlOoiFmfMj60DY0ZAFoN50ck9Fjo/SoHynzQqQT9fdEygKtR4FnkgHDgZ73xuJ/XjtB/8JNRRgnCCGfLvITSTGi42ZoTyjgKEeGMK6E+SvlA6YYR9Nf3pTgzJ+8SBqnpcuSUz8rlquzNnLkkByRE+KQc1ImV6RGGoSTB/JEXsir9Wg9W2/W+zS6ZM1mDsgfWB/f/kObyQ==</latexit><latexit sha1_base64="ydePaDN8AO6Qnfr4QnZmP5dth+Q=">AAACC3icbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FsgOXhM0JhAsoTZSW8yZPbBTK8Ylv0AL/6KFw8qXv0Bb/6NkweiiQUDRVU1PV1eLIVG2/6ylpZXVtfWcxv5za3tnd3C3v6tjhLFocEjGamWxzRIEUIDBUpoxQpY4EloesPK2G/egdIiCm9wFIMbsH4ofMEZGqlbKF530w7CPaYRDkBlGe30+/RHrFeqWWZSdsmegC4SZ0aKZIZat/DZ6UU8CSBELpnWbceO0U2ZQsElZPlOoiFmfMj60DY0ZAFoN50ck9Fjo/SoHynzQqQT9fdEygKtR4FnkgHDgZ73xuJ/XjtB/8JNRRgnCCGfLvITSTGi42ZoTyjgKEeGMK6E+SvlA6YYR9Nf3pTgzJ+8SBqnpcuSUz8rlquzNnLkkByRE+KQc1ImV6RGGoSTB/JEXsir9Wg9W2/W+zS6ZM1mDsgfWB/f/kObyQ==</latexit><latexit sha1_base64="ydePaDN8AO6Qnfr4QnZmP5dth+Q=">AAACC3icbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FsgOXhM0JhAsoTZSW8yZPbBTK8Ylv0AL/6KFw8qXv0Bb/6NkweiiQUDRVU1PV1eLIVG2/6ylpZXVtfWcxv5za3tnd3C3v6tjhLFocEjGamWxzRIEUIDBUpoxQpY4EloesPK2G/egdIiCm9wFIMbsH4ofMEZGqlbKF530w7CPaYRDkBlGe30+/RHrFeqWWZSdsmegC4SZ0aKZIZat/DZ6UU8CSBELpnWbceO0U2ZQsElZPlOoiFmfMj60DY0ZAFoN50ck9Fjo/SoHynzQqQT9fdEygKtR4FnkgHDgZ73xuJ/XjtB/8JNRRgnCCGfLvITSTGi42ZoTyjgKEeGMK6E+SvlA6YYR9Nf3pTgzJ+8SBqnpcuSUz8rlquzNnLkkByRE+KQc1ImV6RGGoSTB/JEXsir9Wg9W2/W+zS6ZM1mDsgfWB/f/kObyQ==</latexit><latexit sha1_base64="ydePaDN8AO6Qnfr4QnZmP5dth+Q=">AAACC3icbVDLSgNBEJz1GeMr6tHLYBA8hV0R1FsgOXhM0JhAsoTZSW8yZPbBTK8Ylv0AL/6KFw8qXv0Bb/6NkweiiQUDRVU1PV1eLIVG2/6ylpZXVtfWcxv5za3tnd3C3v6tjhLFocEjGamWxzRIEUIDBUpoxQpY4EloesPK2G/egdIiCm9wFIMbsH4ofMEZGqlbKF530w7CPaYRDkBlGe30+/RHrFeqWWZSdsmegC4SZ0aKZIZat/DZ6UU8CSBELpnWbceO0U2ZQsElZPlOoiFmfMj60DY0ZAFoN50ck9Fjo/SoHynzQqQT9fdEygKtR4FnkgHDgZ73xuJ/XjtB/8JNRRgnCCGfLvITSTGi42ZoTyjgKEeGMK6E+SvlA6YYR9Nf3pTgzJ+8SBqnpcuSUz8rlquzNnLkkByRE+KQc1ImV6RGGoSTB/JEXsir9Wg9W2/W+zS6ZM1mDsgfWB/f/kObyQ==</latexit>

⇤4
UV

⇥
e�SQCD+i✓ + e�Sother+i✓+i� + h.c.

⇤
<latexit sha1_base64="Kj8GFNEc2fh3BI8D561y0nDv3W0="></latexit><latexit sha1_base64="Kj8GFNEc2fh3BI8D561y0nDv3W0="></latexit><latexit sha1_base64="Kj8GFNEc2fh3BI8D561y0nDv3W0="></latexit><latexit sha1_base64="Kj8GFNEc2fh3BI8D561y0nDv3W0="></latexit>



The Witten Effect

• Axion gauges (-1)-form CW symmetry via 

• Monopoles break (-1)-form CW symmetry via


• Seem to gauge and break same symmetry!

• Resolution: collective coordinate     on monopole 

worldline, gauged current instead given by


•     responsible for Witten effect:

dF 6= 0
<latexit sha1_base64="JjHo9XsuptNNsUFY5ObkSgZ2AGk=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG8FRTxWMLbShrLZTNqlu5u4uxFK6K/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpLyyura+X1ysbm1vZOdXfvXieZouDThCeqHRINnEnwDTMc2qkCIkIOrXB4OfFbT6A0S+SdGaUQCNKXLGaUGCs9RNe4K+ERu71qza27U+BF4hWkhgo0e9WvbpTQTIA0lBOtO56bmiAnyjDKYVzpZhpSQoekDx1LJRGgg3x68BgfWSXCcaJsSYOn6u+JnAitRyK0nYKYgZ73JuJ/Xicz8XmQM5lmBiSdLYozjk2CJ9/jiCmgho8sIVQxeyumA6IINTajig3Bm395kfgn9Yu6d3taa1wVaZTRATpEx8hDZ6iBblAT+YgigZ7RK3pzlPPivDsfs9aSU8zsoz9wPn8A8gqPZA==</latexit><latexit sha1_base64="JjHo9XsuptNNsUFY5ObkSgZ2AGk=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG8FRTxWMLbShrLZTNqlu5u4uxFK6K/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpLyyura+X1ysbm1vZOdXfvXieZouDThCeqHRINnEnwDTMc2qkCIkIOrXB4OfFbT6A0S+SdGaUQCNKXLGaUGCs9RNe4K+ERu71qza27U+BF4hWkhgo0e9WvbpTQTIA0lBOtO56bmiAnyjDKYVzpZhpSQoekDx1LJRGgg3x68BgfWSXCcaJsSYOn6u+JnAitRyK0nYKYgZ73JuJ/Xicz8XmQM5lmBiSdLYozjk2CJ9/jiCmgho8sIVQxeyumA6IINTajig3Bm395kfgn9Yu6d3taa1wVaZTRATpEx8hDZ6iBblAT+YgigZ7RK3pzlPPivDsfs9aSU8zsoz9wPn8A8gqPZA==</latexit><latexit sha1_base64="JjHo9XsuptNNsUFY5ObkSgZ2AGk=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG8FRTxWMLbShrLZTNqlu5u4uxFK6K/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpLyyura+X1ysbm1vZOdXfvXieZouDThCeqHRINnEnwDTMc2qkCIkIOrXB4OfFbT6A0S+SdGaUQCNKXLGaUGCs9RNe4K+ERu71qza27U+BF4hWkhgo0e9WvbpTQTIA0lBOtO56bmiAnyjDKYVzpZhpSQoekDx1LJRGgg3x68BgfWSXCcaJsSYOn6u+JnAitRyK0nYKYgZ73JuJ/Xicz8XmQM5lmBiSdLYozjk2CJ9/jiCmgho8sIVQxeyumA6IINTajig3Bm395kfgn9Yu6d3taa1wVaZTRATpEx8hDZ6iBblAT+YgigZ7RK3pzlPPivDsfs9aSU8zsoz9wPn8A8gqPZA==</latexit><latexit sha1_base64="JjHo9XsuptNNsUFY5ObkSgZ2AGk=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG8FRTxWMLbShrLZTNqlu5u4uxFK6K/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpLyyura+X1ysbm1vZOdXfvXieZouDThCeqHRINnEnwDTMc2qkCIkIOrXB4OfFbT6A0S+SdGaUQCNKXLGaUGCs9RNe4K+ERu71qza27U+BF4hWkhgo0e9WvbpTQTIA0lBOtO56bmiAnyjDKYVzpZhpSQoekDx1LJRGgg3x68BgfWSXCcaJsSYOn6u+JnAitRyK0nYKYgZ73JuJ/Xicz8XmQM5lmBiSdLYozjk2CJ9/jiCmgho8sIVQxeyumA6IINTajig3Bm395kfgn9Yu6d3taa1wVaZTRATpEx8hDZ6iBblAT+YgigZ7RK3pzlPPivDsfs9aSU8zsoz9wPn8A8gqPZA==</latexit>

) d(F ^ F ) 6= 0
<latexit sha1_base64="/yc+xs2j3W7/Ie3l9RdUauackMw=">AAACCHicbVBNS8NAEN34WetX1KOXxSLUS0lEUG8FpXisYm2hCWWzmbRLN5u4u7GU0qsX/4oXDype/Qne/DduPw7a+mDg8d4MM/OClDOlHefbWlhcWl5Zza3l1zc2t7btnd07lWSSQo0mPJGNgCjgTEBNM82hkUogccChHnQvRn79AaRiibjV/RT8mLQFixgl2kgtG3s3rN3RRMqkh8NiBXs9CNuAK0fYE3CPnZZdcErOGHieuFNSQFNUW/aXFyY0i0FoyolSTddJtT8gUjPKYZj3MgUpoV3ShqahgsSg/MH4kyE+NEqIo0SaEhqP1d8TAxIr1Y8D0xkT3VGz3kj8z2tmOjrzB0ykmQZBJ4uijGOd4FEsOGQSqOZ9QwiVzNyKaYdIQrUJL29CcGdfnie149J5yb0+KZQvp2nk0D46QEXkolNURleoimqIokf0jF7Rm/VkvVjv1sekdcGazuyhP7A+fwBTY5hf</latexit><latexit sha1_base64="/yc+xs2j3W7/Ie3l9RdUauackMw=">AAACCHicbVBNS8NAEN34WetX1KOXxSLUS0lEUG8FpXisYm2hCWWzmbRLN5u4u7GU0qsX/4oXDype/Qne/DduPw7a+mDg8d4MM/OClDOlHefbWlhcWl5Zza3l1zc2t7btnd07lWSSQo0mPJGNgCjgTEBNM82hkUogccChHnQvRn79AaRiibjV/RT8mLQFixgl2kgtG3s3rN3RRMqkh8NiBXs9CNuAK0fYE3CPnZZdcErOGHieuFNSQFNUW/aXFyY0i0FoyolSTddJtT8gUjPKYZj3MgUpoV3ShqahgsSg/MH4kyE+NEqIo0SaEhqP1d8TAxIr1Y8D0xkT3VGz3kj8z2tmOjrzB0ykmQZBJ4uijGOd4FEsOGQSqOZ9QwiVzNyKaYdIQrUJL29CcGdfnie149J5yb0+KZQvp2nk0D46QEXkolNURleoimqIokf0jF7Rm/VkvVjv1sekdcGazuyhP7A+fwBTY5hf</latexit><latexit sha1_base64="/yc+xs2j3W7/Ie3l9RdUauackMw=">AAACCHicbVBNS8NAEN34WetX1KOXxSLUS0lEUG8FpXisYm2hCWWzmbRLN5u4u7GU0qsX/4oXDype/Qne/DduPw7a+mDg8d4MM/OClDOlHefbWlhcWl5Zza3l1zc2t7btnd07lWSSQo0mPJGNgCjgTEBNM82hkUogccChHnQvRn79AaRiibjV/RT8mLQFixgl2kgtG3s3rN3RRMqkh8NiBXs9CNuAK0fYE3CPnZZdcErOGHieuFNSQFNUW/aXFyY0i0FoyolSTddJtT8gUjPKYZj3MgUpoV3ShqahgsSg/MH4kyE+NEqIo0SaEhqP1d8TAxIr1Y8D0xkT3VGz3kj8z2tmOjrzB0ykmQZBJ4uijGOd4FEsOGQSqOZ9QwiVzNyKaYdIQrUJL29CcGdfnie149J5yb0+KZQvp2nk0D46QEXkolNURleoimqIokf0jF7Rm/VkvVjv1sekdcGazuyhP7A+fwBTY5hf</latexit><latexit sha1_base64="/yc+xs2j3W7/Ie3l9RdUauackMw=">AAACCHicbVBNS8NAEN34WetX1KOXxSLUS0lEUG8FpXisYm2hCWWzmbRLN5u4u7GU0qsX/4oXDype/Qne/DduPw7a+mDg8d4MM/OClDOlHefbWlhcWl5Zza3l1zc2t7btnd07lWSSQo0mPJGNgCjgTEBNM82hkUogccChHnQvRn79AaRiibjV/RT8mLQFixgl2kgtG3s3rN3RRMqkh8NiBXs9CNuAK0fYE3CPnZZdcErOGHieuFNSQFNUW/aXFyY0i0FoyolSTddJtT8gUjPKYZj3MgUpoV3ShqahgsSg/MH4kyE+NEqIo0SaEhqP1d8TAxIr1Y8D0xkT3VGz3kj8z2tmOjrzB0ykmQZBJ4uijGOd4FEsOGQSqOZ9QwiVzNyKaYdIQrUJL29CcGdfnie149J5yb0+KZQvp2nk0D46QEXkolNURleoimqIokf0jF7Rm/VkvVjv1sekdcGazuyhP7A+fwBTY5hf</latexit>

J = F ^ F � dA� ^ Jm

<latexit sha1_base64="4IOSHTn29z7CWS//dAO/OQiHVC0=">AAACD3icbZDLSgMxFIYz9VbrbdSlm2BR3FhmpKIboSJI6aqCvUBbhkzmtA1NZoYko5TSN3Djq7hxoYhbt+58G9OLoK0/BD7+cw4n5/djzpR2nC8rtbC4tLySXs2srW9sbtnbO1UVJZJChUY8knWfKOAshIpmmkM9lkCEz6Hm965G9dodSMWi8Fb3Y2gJ0glZm1GijeXZhyV8ga9x8x6CDhg4xoF3iZuKdQT5cUue8Oysk3PGwvPgTiGLpip79mcziGgiINSUE6UarhPr1oBIzSiHYaaZKIgJ7ZEONAyGRIBqDcb3DPGBcQLcjqR5ocZj9/fEgAil+sI3nYLorpqtjcz/ao1Et89bAxbGiYaQTha1E451hEfh4IBJoJr3DRAqmfkrpl0iCdUmwowJwZ09eR6qJzk3nzu9yWcLxWkcabSH9tERctEZKqAiKqMKougBPaEX9Go9Ws/Wm/U+aU1Z05ld9EfWxzeVIZns</latexit>

J = F ^ F � dA� ^ Jm

<latexit sha1_base64="4IOSHTn29z7CWS//dAO/OQiHVC0=">AAACD3icbZDLSgMxFIYz9VbrbdSlm2BR3FhmpKIboSJI6aqCvUBbhkzmtA1NZoYko5TSN3Djq7hxoYhbt+58G9OLoK0/BD7+cw4n5/djzpR2nC8rtbC4tLySXs2srW9sbtnbO1UVJZJChUY8knWfKOAshIpmmkM9lkCEz6Hm965G9dodSMWi8Fb3Y2gJ0glZm1GijeXZhyV8ga9x8x6CDhg4xoF3iZuKdQT5cUue8Oysk3PGwvPgTiGLpip79mcziGgiINSUE6UarhPr1oBIzSiHYaaZKIgJ7ZEONAyGRIBqDcb3DPGBcQLcjqR5ocZj9/fEgAil+sI3nYLorpqtjcz/ao1Et89bAxbGiYaQTha1E451hEfh4IBJoJr3DRAqmfkrpl0iCdUmwowJwZ09eR6qJzk3nzu9yWcLxWkcabSH9tERctEZKqAiKqMKougBPaEX9Go9Ws/Wm/U+aU1Z05ld9EfWxzeVIZns</latexit>

J = F ^ F � dA� ^ Jm

<latexit sha1_base64="4IOSHTn29z7CWS//dAO/OQiHVC0=">AAACD3icbZDLSgMxFIYz9VbrbdSlm2BR3FhmpKIboSJI6aqCvUBbhkzmtA1NZoYko5TSN3Djq7hxoYhbt+58G9OLoK0/BD7+cw4n5/djzpR2nC8rtbC4tLySXs2srW9sbtnbO1UVJZJChUY8knWfKOAshIpmmkM9lkCEz6Hm965G9dodSMWi8Fb3Y2gJ0glZm1GijeXZhyV8ga9x8x6CDhg4xoF3iZuKdQT5cUue8Oysk3PGwvPgTiGLpip79mcziGgiINSUE6UarhPr1oBIzSiHYaaZKIgJ7ZEONAyGRIBqDcb3DPGBcQLcjqR5ocZj9/fEgAil+sI3nYLorpqtjcz/ao1Et89bAxbGiYaQTha1E451hEfh4IBJoJr3DRAqmfkrpl0iCdUmwowJwZ09eR6qJzk3nzu9yWcLxWkcabSH9tERctEZKqAiKqMKougBPaEX9Go9Ws/Wm/U+aU1Z05ld9EfWxzeVIZns</latexit>

✓ ! ✓ + 2⇡ ) (ne, nm) ! (ne + nm, nm)

<latexit sha1_base64="2r9gU0OeY/i3nzIBan4CXnKw7V4="></latexit>

✓F ^ F

<latexit sha1_base64="G0j+KSRwgq0Jyaz6p9sFW8LpV9s=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQyCp7Arih4DYvAYwTwgCWF20kmGzM4uM72GsOZTvHhQxKtf4s2/cfI4aGJBQ1HVTXdXEEth0PO+ncza+sbmVnY7t7O7t3/g5g9rJko0hyqPZKQbATMghYIqCpTQiDWwMJBQD4Y3U7/+CNqISD3gOIZ2yPpK9ARnaKWOm2/hAJDRMm2NoNsHWu64Ba/ozUBXib8gBbJApeN+tboRT0JQyCUzpul7MbZTplFwCZNcKzEQMz5kfWhaqlgIpp3OTp/QU6t0aS/SthTSmfp7ImWhMeMwsJ0hw4FZ9qbif14zwd51OxUqThAUny/qJZJiRKc50K7QwFGOLWFcC3sr5QOmGUebVs6G4C+/vEpq50X/onh5f1Eo3S7iyJJjckLOiE+uSInckQqpEk5G5Jm8kjfnyXlx3p2PeWvGWcwckT9wPn8A7FyTJg==</latexit>



Dissolved Charges

• In presence of                coupling, electric charge 
can be dissolved in the monopole worldlines due to 
the collective coordinate


• In addition, string states of the “axion string” 
charged magnetically under     carry electric charge 
under


• More generally, consistent gauging/breaking of 
Chern-Weil symmetries in the presence of Chern-
Simons terms implies that certain charged objects 
can be dissolved in others—reproduces much of the 
known structure of D-brane interactions in Type II 
string theory

J = F ^ F � dA� ^ Jm
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Axion Strings and the Weak 
Gravity Conjecture




Weak Gravity Conjecture (WGC)

Arkani-Hamed, Motl, Nicolis, Vafa, ’06

In any U(1) gauge theory coupled to quantum 
gravity, there must exist a “superextremal” state of 
charge q, mass m, with

q

m
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M
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The P-form WGC
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q

Tp
� 1

Mp
<latexit sha1_base64="SoSjMRwRaDCyviwqHQqkmAa5iFQ=">AAACCHicbZDLSsNAFIYnXmu9RV26GSyCq5KIoO6KbtwIFRpbaEKYTE/aoZNLZyZCCdm68VXcuFBx6yO4822ctllo6w8DP985hzPnD1LOpLKsb2NpeWV1bb2yUd3c2t7ZNff272WSCQoOTXgiOgGRwFkMjmKKQycVQKKAQzsYXk/q7QcQkiVxS41T8CLSj1nIKFEa+SZ2Q0FoPirylp8W2O3DqER2kd9q5Js1q25NhReNXZoaKtX0zS+3l9AsglhRTqTs2laqvJwIxSiHoupmElJCh6QPXW1jEoH08uklBT7WpIfDROgXKzylvydyEkk5jgLdGRE1kPO1Cfyv1s1UeOHlLE4zBTGdLQozjlWCJ7HgHhNAFR9rQ6hg+q+YDojOQenwqjoEe/7kReOc1i/r9t1ZrXFVplFBh+gInSAbnaMGukFN5CCKHtEzekVvxpPxYrwbH7PWJaOcOUB/ZHz+AE2Hmkk=</latexit><latexit sha1_base64="SoSjMRwRaDCyviwqHQqkmAa5iFQ=">AAACCHicbZDLSsNAFIYnXmu9RV26GSyCq5KIoO6KbtwIFRpbaEKYTE/aoZNLZyZCCdm68VXcuFBx6yO4822ctllo6w8DP985hzPnD1LOpLKsb2NpeWV1bb2yUd3c2t7ZNff272WSCQoOTXgiOgGRwFkMjmKKQycVQKKAQzsYXk/q7QcQkiVxS41T8CLSj1nIKFEa+SZ2Q0FoPirylp8W2O3DqER2kd9q5Js1q25NhReNXZoaKtX0zS+3l9AsglhRTqTs2laqvJwIxSiHoupmElJCh6QPXW1jEoH08uklBT7WpIfDROgXKzylvydyEkk5jgLdGRE1kPO1Cfyv1s1UeOHlLE4zBTGdLQozjlWCJ7HgHhNAFR9rQ6hg+q+YDojOQenwqjoEe/7kReOc1i/r9t1ZrXFVplFBh+gInSAbnaMGukFN5CCKHtEzekVvxpPxYrwbH7PWJaOcOUB/ZHz+AE2Hmkk=</latexit><latexit sha1_base64="SoSjMRwRaDCyviwqHQqkmAa5iFQ=">AAACCHicbZDLSsNAFIYnXmu9RV26GSyCq5KIoO6KbtwIFRpbaEKYTE/aoZNLZyZCCdm68VXcuFBx6yO4822ctllo6w8DP985hzPnD1LOpLKsb2NpeWV1bb2yUd3c2t7ZNff272WSCQoOTXgiOgGRwFkMjmKKQycVQKKAQzsYXk/q7QcQkiVxS41T8CLSj1nIKFEa+SZ2Q0FoPirylp8W2O3DqER2kd9q5Js1q25NhReNXZoaKtX0zS+3l9AsglhRTqTs2laqvJwIxSiHoupmElJCh6QPXW1jEoH08uklBT7WpIfDROgXKzylvydyEkk5jgLdGRE1kPO1Cfyv1s1UeOHlLE4zBTGdLQozjlWCJ7HgHhNAFR9rQ6hg+q+YDojOQenwqjoEe/7kReOc1i/r9t1ZrXFVplFBh+gInSAbnaMGukFN5CCKHtEzekVvxpPxYrwbH7PWJaOcOUB/ZHz+AE2Hmkk=</latexit><latexit sha1_base64="SoSjMRwRaDCyviwqHQqkmAa5iFQ=">AAACCHicbZDLSsNAFIYnXmu9RV26GSyCq5KIoO6KbtwIFRpbaEKYTE/aoZNLZyZCCdm68VXcuFBx6yO4822ctllo6w8DP985hzPnD1LOpLKsb2NpeWV1bb2yUd3c2t7ZNff272WSCQoOTXgiOgGRwFkMjmKKQycVQKKAQzsYXk/q7QcQkiVxS41T8CLSj1nIKFEa+SZ2Q0FoPirylp8W2O3DqER2kd9q5Js1q25NhReNXZoaKtX0zS+3l9AsglhRTqTs2laqvJwIxSiHoupmElJCh6QPXW1jEoH08uklBT7WpIfDROgXKzylvydyEkk5jgLdGRE1kPO1Cfyv1s1UeOHlLE4zBTGdLQozjlWCJ7HgHhNAFR9rQ6hg+q+YDojOQenwqjoEe/7kReOc1i/r9t1ZrXFVplFBh+gInSAbnaMGukFN5CCKHtEzekVvxpPxYrwbH7PWJaOcOUB/ZHz+AE2Hmkk=</latexit>

Instanton �1
<latexit sha1_base64="B2BvjkzumKB2jYo1Aoqc5SWp1ZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF49VjC20oWy2m3bpZhN2J0IJ/QdePKh49Sd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ2l5ZXVtvbRR3tza3tmt7O0/miTTjPsskYluhdRwKRT3UaDkrVRzGoeSN8PhzcRvPnFtRKIecJTyIKZ9JSLBKFrp/tTrVqpuzZ2CLBKvIFUo0OhWvjq9hGUxV8gkNabtuSkGOdUomOTjciczPKVsSPu8bamiMTdBPr10TI6t0iNRom0pJFP190ROY2NGcWg7Y4oDM+9NxP+8dobRZZALlWbIFZstijJJMCGTt0lPaM5QjiyhTAt7K2EDqilDG07ZhuDNv7xI/LPaVc27O6/Wr4s0SnAIR3ACHlxAHW6hAT4wiOAZXuHNGTovzrvzMWtdcoqZA/gD5/MHUmGMwA==</latexit><latexit sha1_base64="B2BvjkzumKB2jYo1Aoqc5SWp1ZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF49VjC20oWy2m3bpZhN2J0IJ/QdePKh49Sd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ2l5ZXVtvbRR3tza3tmt7O0/miTTjPsskYluhdRwKRT3UaDkrVRzGoeSN8PhzcRvPnFtRKIecJTyIKZ9JSLBKFrp/tTrVqpuzZ2CLBKvIFUo0OhWvjq9hGUxV8gkNabtuSkGOdUomOTjciczPKVsSPu8bamiMTdBPr10TI6t0iNRom0pJFP190ROY2NGcWg7Y4oDM+9NxP+8dobRZZALlWbIFZstijJJMCGTt0lPaM5QjiyhTAt7K2EDqilDG07ZhuDNv7xI/LPaVc27O6/Wr4s0SnAIR3ACHlxAHW6hAT4wiOAZXuHNGTovzrvzMWtdcoqZA/gD5/MHUmGMwA==</latexit><latexit sha1_base64="B2BvjkzumKB2jYo1Aoqc5SWp1ZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF49VjC20oWy2m3bpZhN2J0IJ/QdePKh49Sd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ2l5ZXVtvbRR3tza3tmt7O0/miTTjPsskYluhdRwKRT3UaDkrVRzGoeSN8PhzcRvPnFtRKIecJTyIKZ9JSLBKFrp/tTrVqpuzZ2CLBKvIFUo0OhWvjq9hGUxV8gkNabtuSkGOdUomOTjciczPKVsSPu8bamiMTdBPr10TI6t0iNRom0pJFP190ROY2NGcWg7Y4oDM+9NxP+8dobRZZALlWbIFZstijJJMCGTt0lPaM5QjiyhTAt7K2EDqilDG07ZhuDNv7xI/LPaVc27O6/Wr4s0SnAIR3ACHlxAHW6hAT4wiOAZXuHNGTovzrvzMWtdcoqZA/gD5/MHUmGMwA==</latexit><latexit sha1_base64="B2BvjkzumKB2jYo1Aoqc5SWp1ZA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4sSQiqLeiF49VjC20oWy2m3bpZhN2J0IJ/QdePKh49Sd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ2l5ZXVtvbRR3tza3tmt7O0/miTTjPsskYluhdRwKRT3UaDkrVRzGoeSN8PhzcRvPnFtRKIecJTyIKZ9JSLBKFrp/tTrVqpuzZ2CLBKvIFUo0OhWvjq9hGUxV8gkNabtuSkGOdUomOTjciczPKVsSPu8bamiMTdBPr10TI6t0iNRom0pJFP190ROY2NGcWg7Y4oDM+9NxP+8dobRZZALlWbIFZstijJJMCGTt0lPaM5QjiyhTAt7K2EDqilDG07ZhuDNv7xI/LPaVc27O6/Wr4s0SnAIR3ACHlxAHW6hAT4wiOAZXuHNGTovzrvzMWtdcoqZA/gD5/MHUmGMwA==</latexit>

1

fS
� 1

Mp
<latexit sha1_base64="2V8dsOAW9ee9pXSQDrRdBfsq9WM=">AAACCHicbVBNS8NAEJ34WetX1KOXxSJ4KokI6q3oxYtQ0dhCE8Jmu2mXbj7c3Qgl5OrFv+LFg4pXf4I3/43bNqC2Phh4vDfDzLwg5Uwqy/oy5uYXFpeWKyvV1bX1jU1za/tWJpkg1CEJT0Q7wJJyFlNHMcVpOxUURwGnrWBwPvJb91RIlsQ3aphSL8K9mIWMYKUl30RuKDDJ7SIP0XWB3B69+5Eu/bTwzZpVt8ZAs8QuSQ1KNH3z0+0mJItorAjHUnZsK1VejoVihNOi6maSppgMcI92NI1xRKWXjz8p0L5WuihMhK5YobH6eyLHkZTDKNCdEVZ9Oe2NxP+8TqbCEy9ncZopGpPJojDjSCVoFAvqMkGJ4kNNMBFM34pIH+sclA6vqkOwp1+eJc5h/bRuXx3VGmdlGhXYhT04ABuOoQEX0AQHCDzAE7zAq/FoPBtvxvukdc4oZ3bgD4yPb3C3mb8=</latexit><latexit sha1_base64="2V8dsOAW9ee9pXSQDrRdBfsq9WM=">AAACCHicbVBNS8NAEJ34WetX1KOXxSJ4KokI6q3oxYtQ0dhCE8Jmu2mXbj7c3Qgl5OrFv+LFg4pXf4I3/43bNqC2Phh4vDfDzLwg5Uwqy/oy5uYXFpeWKyvV1bX1jU1za/tWJpkg1CEJT0Q7wJJyFlNHMcVpOxUURwGnrWBwPvJb91RIlsQ3aphSL8K9mIWMYKUl30RuKDDJ7SIP0XWB3B69+5Eu/bTwzZpVt8ZAs8QuSQ1KNH3z0+0mJItorAjHUnZsK1VejoVihNOi6maSppgMcI92NI1xRKWXjz8p0L5WuihMhK5YobH6eyLHkZTDKNCdEVZ9Oe2NxP+8TqbCEy9ncZopGpPJojDjSCVoFAvqMkGJ4kNNMBFM34pIH+sclA6vqkOwp1+eJc5h/bRuXx3VGmdlGhXYhT04ABuOoQEX0AQHCDzAE7zAq/FoPBtvxvukdc4oZ3bgD4yPb3C3mb8=</latexit><latexit sha1_base64="2V8dsOAW9ee9pXSQDrRdBfsq9WM=">AAACCHicbVBNS8NAEJ34WetX1KOXxSJ4KokI6q3oxYtQ0dhCE8Jmu2mXbj7c3Qgl5OrFv+LFg4pXf4I3/43bNqC2Phh4vDfDzLwg5Uwqy/oy5uYXFpeWKyvV1bX1jU1za/tWJpkg1CEJT0Q7wJJyFlNHMcVpOxUURwGnrWBwPvJb91RIlsQ3aphSL8K9mIWMYKUl30RuKDDJ7SIP0XWB3B69+5Eu/bTwzZpVt8ZAs8QuSQ1KNH3z0+0mJItorAjHUnZsK1VejoVihNOi6maSppgMcI92NI1xRKWXjz8p0L5WuihMhK5YobH6eyLHkZTDKNCdEVZ9Oe2NxP+8TqbCEy9ncZopGpPJojDjSCVoFAvqMkGJ4kNNMBFM34pIH+sclA6vqkOwp1+eJc5h/bRuXx3VGmdlGhXYhT04ABuOoQEX0AQHCDzAE7zAq/FoPBtvxvukdc4oZ3bgD4yPb3C3mb8=</latexit><latexit sha1_base64="2V8dsOAW9ee9pXSQDrRdBfsq9WM=">AAACCHicbVBNS8NAEJ34WetX1KOXxSJ4KokI6q3oxYtQ0dhCE8Jmu2mXbj7c3Qgl5OrFv+LFg4pXf4I3/43bNqC2Phh4vDfDzLwg5Uwqy/oy5uYXFpeWKyvV1bX1jU1za/tWJpkg1CEJT0Q7wJJyFlNHMcVpOxUURwGnrWBwPvJb91RIlsQ3aphSL8K9mIWMYKUl30RuKDDJ7SIP0XWB3B69+5Eu/bTwzZpVt8ZAs8QuSQ1KNH3z0+0mJItorAjHUnZsK1VejoVihNOi6maSppgMcI92NI1xRKWXjz8p0L5WuihMhK5YobH6eyLHkZTDKNCdEVZ9Oe2NxP+8TqbCEy9ncZopGpPJojDjSCVoFAvqMkGJ4kNNMBFM34pIH+sclA6vqkOwp1+eJc5h/bRuXx3VGmdlGhXYhT04ABuOoQEX0AQHCDzAE7zAq/FoPBtvxvukdc4oZ3bgD4yPb3C3mb8=</latexit>

m
<latexit sha1_base64="hFLuGyM5cPlwJkt+3Edyy4vvRfQ=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q2gB48tGFtoQ9lsJ+3azSbsboQS+gu8eFDx6l/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nZXVtfWNzdJWeXtnd2+/cnD4oJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/VbT6g0T+S9GacYxHQgecQZNVZqxr1K1a25M5Bl4hWkCgUavcpXt5+wLEZpmKBadzw3NUFOleFM4KTczTSmlI3oADuWShqjDvLZoRNyapU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQV5FymmUHJ5ouiTBCTkOnXpM8VMiPGllCmuL2VsCFVlBmbTdmG4C2+vEz889p1zWteVOu3RRolOIYTOAMPLqEOd9AAHxggPMMrvDmPzovz7nzMW1ecYuYI/sD5/AFEmIzH</latexit><latexit sha1_base64="hFLuGyM5cPlwJkt+3Edyy4vvRfQ=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q2gB48tGFtoQ9lsJ+3azSbsboQS+gu8eFDx6l/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nZXVtfWNzdJWeXtnd2+/cnD4oJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/VbT6g0T+S9GacYxHQgecQZNVZqxr1K1a25M5Bl4hWkCgUavcpXt5+wLEZpmKBadzw3NUFOleFM4KTczTSmlI3oADuWShqjDvLZoRNyapU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQV5FymmUHJ5ouiTBCTkOnXpM8VMiPGllCmuL2VsCFVlBmbTdmG4C2+vEz889p1zWteVOu3RRolOIYTOAMPLqEOd9AAHxggPMMrvDmPzovz7nzMW1ecYuYI/sD5/AFEmIzH</latexit><latexit sha1_base64="hFLuGyM5cPlwJkt+3Edyy4vvRfQ=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q2gB48tGFtoQ9lsJ+3azSbsboQS+gu8eFDx6l/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nZXVtfWNzdJWeXtnd2+/cnD4oJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/VbT6g0T+S9GacYxHQgecQZNVZqxr1K1a25M5Bl4hWkCgUavcpXt5+wLEZpmKBadzw3NUFOleFM4KTczTSmlI3oADuWShqjDvLZoRNyapU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQV5FymmUHJ5ouiTBCTkOnXpM8VMiPGllCmuL2VsCFVlBmbTdmG4C2+vEz889p1zWteVOu3RRolOIYTOAMPLqEOd9AAHxggPMMrvDmPzovz7nzMW1ecYuYI/sD5/AFEmIzH</latexit><latexit sha1_base64="hFLuGyM5cPlwJkt+3Edyy4vvRfQ=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q2gB48tGFtoQ9lsJ+3azSbsboQS+gu8eFDx6l/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nZXVtfWNzdJWeXtnd2+/cnD4oJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/VbT6g0T+S9GacYxHQgecQZNVZqxr1K1a25M5Bl4hWkCgUavcpXt5+wLEZpmKBadzw3NUFOleFM4KTczTSmlI3oADuWShqjDvLZoRNyapU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQV5FymmUHJ5ouiTBCTkOnXpM8VMiPGllCmuL2VsCFVlBmbTdmG4C2+vEz889p1zWteVOu3RRolOIYTOAMPLqEOd9AAHxggPMMrvDmPzovz7nzMW1ecYuYI/sD5/AFEmIzH</latexit>

T
<latexit sha1_base64="gJu1Lfl54prQ1PGTsKgksrFpreE=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FPXhsobGFNpTNdtKu3WzC7kYopb/AiwcVr/4lb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjB51kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSKbZpxiENOB5BFn1Fip0eyVK27VnYOsEi8nFchR75W/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3RKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsa9LnCpkRY0soU9zeStiQKsqMzaZkQ/CWX14l/kX1puo1Liu1uzyNIpzAKZyDB1dQg3uogw8MEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AHs2Mrg==</latexit><latexit sha1_base64="gJu1Lfl54prQ1PGTsKgksrFpreE=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FPXhsobGFNpTNdtKu3WzC7kYopb/AiwcVr/4lb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjB51kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSKbZpxiENOB5BFn1Fip0eyVK27VnYOsEi8nFchR75W/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3RKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsa9LnCpkRY0soU9zeStiQKsqMzaZkQ/CWX14l/kX1puo1Liu1uzyNIpzAKZyDB1dQg3uogw8MEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AHs2Mrg==</latexit><latexit sha1_base64="gJu1Lfl54prQ1PGTsKgksrFpreE=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FPXhsobGFNpTNdtKu3WzC7kYopb/AiwcVr/4lb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjB51kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSKbZpxiENOB5BFn1Fip0eyVK27VnYOsEi8nFchR75W/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3RKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsa9LnCpkRY0soU9zeStiQKsqMzaZkQ/CWX14l/kX1puo1Liu1uzyNIpzAKZyDB1dQg3uogw8MEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AHs2Mrg==</latexit><latexit sha1_base64="gJu1Lfl54prQ1PGTsKgksrFpreE=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FPXhsobGFNpTNdtKu3WzC7kYopb/AiwcVr/4lb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjB51kiqHPEpGodkg1Ci7RN9wIbKcKaRwKbIWj25nfekKleSKbZpxiENOB5BFn1Fip0eyVK27VnYOsEi8nFchR75W/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3RKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBxMu08ygZItFUSaIScjsa9LnCpkRY0soU9zeStiQKsqMzaZkQ/CWX14l/kX1puo1Liu1uzyNIpzAKZyDB1dQg3uogw8MEJ7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AHs2Mrg==</latexit>

Tp
<latexit sha1_base64="VBiGF2kJSIGyXpNfSzu+PVRZjxo=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q2gB48VG1toQ9lsJ+3SzSbsboQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nZXVtfWNzdJWeXtnd2+/cnD4qJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/VbT6g0T2TTjFMMYjqQPOKMGis9NHtpr1J1a+4MZJl4BalCgUav8tXtJyyLURomqNYdz01NkFNlOBM4KXczjSllIzrAjqWSxqiDfHbqhJxapU+iRNmShszU3xM5jbUex6HtjKkZ6kVvKv7ndTITXQU5l2lmULL5oigTxCRk+jfpc4XMiLEllClubyVsSBVlxqZTtiF4iy8vE/+8dl3z7i+q9dsijRIcwwmcgQeXUIc7aIAPDAbwDK/w5gjnxXl3PuatK04xcwR/4Hz+AKKYjZE=</latexit><latexit sha1_base64="VBiGF2kJSIGyXpNfSzu+PVRZjxo=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q2gB48VG1toQ9lsJ+3SzSbsboQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nZXVtfWNzdJWeXtnd2+/cnD4qJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/VbT6g0T2TTjFMMYjqQPOKMGis9NHtpr1J1a+4MZJl4BalCgUav8tXtJyyLURomqNYdz01NkFNlOBM4KXczjSllIzrAjqWSxqiDfHbqhJxapU+iRNmShszU3xM5jbUex6HtjKkZ6kVvKv7ndTITXQU5l2lmULL5oigTxCRk+jfpc4XMiLEllClubyVsSBVlxqZTtiF4iy8vE/+8dl3z7i+q9dsijRIcwwmcgQeXUIc7aIAPDAbwDK/w5gjnxXl3PuatK04xcwR/4Hz+AKKYjZE=</latexit><latexit sha1_base64="VBiGF2kJSIGyXpNfSzu+PVRZjxo=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q2gB48VG1toQ9lsJ+3SzSbsboQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nZXVtfWNzdJWeXtnd2+/cnD4qJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/VbT6g0T2TTjFMMYjqQPOKMGis9NHtpr1J1a+4MZJl4BalCgUav8tXtJyyLURomqNYdz01NkFNlOBM4KXczjSllIzrAjqWSxqiDfHbqhJxapU+iRNmShszU3xM5jbUex6HtjKkZ6kVvKv7ndTITXQU5l2lmULL5oigTxCRk+jfpc4XMiLEllClubyVsSBVlxqZTtiF4iy8vE/+8dl3z7i+q9dsijRIcwwmcgQeXUIc7aIAPDAbwDK/w5gjnxXl3PuatK04xcwR/4Hz+AKKYjZE=</latexit><latexit sha1_base64="VBiGF2kJSIGyXpNfSzu+PVRZjxo=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q2gB48VG1toQ9lsJ+3SzSbsboQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/nZXVtfWNzdJWeXtnd2+/cnD4qJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/VbT6g0T2TTjFMMYjqQPOKMGis9NHtpr1J1a+4MZJl4BalCgUav8tXtJyyLURomqNYdz01NkFNlOBM4KXczjSllIzrAjqWSxqiDfHbqhJxapU+iRNmShszU3xM5jbUex6HtjKkZ6kVvKv7ndTITXQU5l2lmULL5oigTxCRk+jfpc4XMiLEllClubyVsSBVlxqZTtiF4iy8vE/+8dl3z7i+q9dsijRIcwwmcgQeXUIc7aIAPDAbwDK/w5gjnxXl3PuatK04xcwR/4Hz+AKKYjZE=</latexit>

S
<latexit sha1_base64="q+FS6oI7tqQGqdW9opJRedsd0ZM=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FPXhs0dhCG8pmO23XbjZhdyOU0F/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RRWVtfWN4qbpa3tnd298v7Bg45TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR9dRvPqHSPJb3ZpxgENGB5H3OqLFS465brrhVdwayTLycVCBHvVv+6vRilkYoDRNU67bnJibIqDKcCZyUOqnGhLIRHWDbUkkj1EE2O3RCTqzSI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/DDIuk9SgZPNF/VQQE5Pp16THFTIjxpZQpri9lbAhVZQZm03JhuAtvrxM/LPqVdVrnFdqN3kaRTiCYzgFDy6gBrdQBx8YIDzDK7w5j86L8+58zFsLTj5zCH/gfP4AHUqMrQ==</latexit><latexit sha1_base64="q+FS6oI7tqQGqdW9opJRedsd0ZM=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FPXhs0dhCG8pmO23XbjZhdyOU0F/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RRWVtfWN4qbpa3tnd298v7Bg45TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR9dRvPqHSPJb3ZpxgENGB5H3OqLFS465brrhVdwayTLycVCBHvVv+6vRilkYoDRNU67bnJibIqDKcCZyUOqnGhLIRHWDbUkkj1EE2O3RCTqzSI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/DDIuk9SgZPNF/VQQE5Pp16THFTIjxpZQpri9lbAhVZQZm03JhuAtvrxM/LPqVdVrnFdqN3kaRTiCYzgFDy6gBrdQBx8YIDzDK7w5j86L8+58zFsLTj5zCH/gfP4AHUqMrQ==</latexit><latexit sha1_base64="q+FS6oI7tqQGqdW9opJRedsd0ZM=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FPXhs0dhCG8pmO23XbjZhdyOU0F/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RRWVtfWN4qbpa3tnd298v7Bg45TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR9dRvPqHSPJb3ZpxgENGB5H3OqLFS465brrhVdwayTLycVCBHvVv+6vRilkYoDRNU67bnJibIqDKcCZyUOqnGhLIRHWDbUkkj1EE2O3RCTqzSI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/DDIuk9SgZPNF/VQQE5Pp16THFTIjxpZQpri9lbAhVZQZm03JhuAtvrxM/LPqVdVrnFdqN3kaRTiCYzgFDy6gBrdQBx8YIDzDK7w5j86L8+58zFsLTj5zCH/gfP4AHUqMrQ==</latexit><latexit sha1_base64="q+FS6oI7tqQGqdW9opJRedsd0ZM=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG8FPXhs0dhCG8pmO23XbjZhdyOU0F/gxYOKV/+SN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RRWVtfWN4qbpa3tnd298v7Bg45TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR9dRvPqHSPJb3ZpxgENGB5H3OqLFS465brrhVdwayTLycVCBHvVv+6vRilkYoDRNU67bnJibIqDKcCZyUOqnGhLIRHWDbUkkj1EE2O3RCTqzSI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/DDIuk9SgZPNF/VQQE5Pp16THFTIjxpZQpri9lbAhVZQZm03JhuAtvrxM/LPqVdVrnFdqN3kaRTiCYzgFDy6gBrdQBx8YIDzDK7w5j86L8+58zFsLTj5zCH/gfP4AHUqMrQ==</latexit>

Object dim. Tension WGC

“axion decay constant”

& 1

M (d�2)/2
Pl;d

<latexit sha1_base64="XmPpon+mtuQIaNHQPvEFam7pIXY=">AAACFnicbVBNSwMxEM36WetX1aOXYBH00LpbKgpeBBG8CBWsCt1astlsDU12l2RWLGF/hRf/ihcPingVb/4b09qDWh8MPN6bYWZekAquwXU/nYnJqemZ2cJccX5hcWm5tLJ6oZNMUdakiUjUVUA0EzxmTeAg2FWqGJGBYJdB72jgX94ypXkSn0M/ZW1JujGPOCVgpU6p4nfBuhL7kSLUeLk57Rgf2B0oaRriIMzza7MVVmrbO7U875TKbtUdAo8Tb0TKaIRGp/ThhwnNJIuBCqJ1y3NTaBuigFPB8qKfaZYS2iNd1rI0JpLpthm+leNNq4Q4SpStGPBQ/TlhiNS6LwPbKQnc6L/eQPzPa2UQ7bcNj9MMWEy/F0WZwJDgQUY45IpREH1LCFXc3orpDbH5gE2yaEPw/r48Ti5qVa9e3T2rlw+PR3EU0DraQFvIQ3voEJ2gBmoiiu7RI3pGL86D8+S8Om/frRPOaGYN/YLz/gU6759l</latexit>

& 1

M (d�2)/2
Pl;d

<latexit sha1_base64="XmPpon+mtuQIaNHQPvEFam7pIXY=">AAACFnicbVBNSwMxEM36WetX1aOXYBH00LpbKgpeBBG8CBWsCt1astlsDU12l2RWLGF/hRf/ihcPingVb/4b09qDWh8MPN6bYWZekAquwXU/nYnJqemZ2cJccX5hcWm5tLJ6oZNMUdakiUjUVUA0EzxmTeAg2FWqGJGBYJdB72jgX94ypXkSn0M/ZW1JujGPOCVgpU6p4nfBuhL7kSLUeLk57Rgf2B0oaRriIMzza7MVVmrbO7U875TKbtUdAo8Tb0TKaIRGp/ThhwnNJIuBCqJ1y3NTaBuigFPB8qKfaZYS2iNd1rI0JpLpthm+leNNq4Q4SpStGPBQ/TlhiNS6LwPbKQnc6L/eQPzPa2UQ7bcNj9MMWEy/F0WZwJDgQUY45IpREH1LCFXc3orpDbH5gE2yaEPw/r48Ti5qVa9e3T2rlw+PR3EU0DraQFvIQ3voEJ2gBmoiiu7RI3pGL86D8+S8Om/frRPOaGYN/YLz/gU6759l</latexit>

& 1

M (d�2)/2
Pl;d

<latexit sha1_base64="XmPpon+mtuQIaNHQPvEFam7pIXY=">AAACFnicbVBNSwMxEM36WetX1aOXYBH00LpbKgpeBBG8CBWsCt1astlsDU12l2RWLGF/hRf/ihcPingVb/4b09qDWh8MPN6bYWZekAquwXU/nYnJqemZ2cJccX5hcWm5tLJ6oZNMUdakiUjUVUA0EzxmTeAg2FWqGJGBYJdB72jgX94ypXkSn0M/ZW1JujGPOCVgpU6p4nfBuhL7kSLUeLk57Rgf2B0oaRriIMzza7MVVmrbO7U875TKbtUdAo8Tb0TKaIRGp/ThhwnNJIuBCqJ1y3NTaBuigFPB8qKfaZYS2iNd1rI0JpLpthm+leNNq4Q4SpStGPBQ/TlhiNS6LwPbKQnc6L/eQPzPa2UQ7bcNj9MMWEy/F0WZwJDgQUY45IpREH1LCFXc3orpDbH5gE2yaEPw/r48Ti5qVa9e3T2rlw+PR3EU0DraQFvIQ3voEJ2gBmoiiu7RI3pGL86D8+S8Om/frRPOaGYN/YLz/gU6759l</latexit>

& 1

M (d�2)/2
Pl;d

<latexit sha1_base64="XmPpon+mtuQIaNHQPvEFam7pIXY=">AAACFnicbVBNSwMxEM36WetX1aOXYBH00LpbKgpeBBG8CBWsCt1astlsDU12l2RWLGF/hRf/ihcPingVb/4b09qDWh8MPN6bYWZekAquwXU/nYnJqemZ2cJccX5hcWm5tLJ6oZNMUdakiUjUVUA0EzxmTeAg2FWqGJGBYJdB72jgX94ypXkSn0M/ZW1JujGPOCVgpU6p4nfBuhL7kSLUeLk57Rgf2B0oaRriIMzza7MVVmrbO7U875TKbtUdAo8Tb0TKaIRGp/ThhwnNJIuBCqJ1y3NTaBuigFPB8qKfaZYS2iNd1rI0JpLpthm+leNNq4Q4SpStGPBQ/TlhiNS6LwPbKQnc6L/eQPzPa2UQ7bcNj9MMWEy/F0WZwJDgQUY45IpREH1LCFXc3orpDbH5gE2yaEPw/r48Ti5qVa9e3T2rlw+PR3EU0DraQFvIQ3voEJ2gBmoiiu7RI3pGL86D8+S8Om/frRPOaGYN/YLz/gU6759l</latexit>



WGC Mixing

S =
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8⇡2
✓F ^ F
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<latexit sha1_base64="f8+om2PWT6WCVTR64bKjU/AmlWs=">AAACfXicbVHbatwwEJXdW7q9bdPHvgxdAr3F2EtK8lIILQ19TGk3CaycRZbHXhH5gjROWYz/ol/Wt/5KX1rtrkmapAOCozNzNKMzSa2VpTD85fm3bt+5e2/j/uDBw0ePnwyfbh7ZqjESJ7LSlTlJhEWtSpyQIo0ntUFRJBqPk7OPy/zxORqrqvIbLWqMC5GXKlNSkKNmwx9f4T1wVRLwDyqfwjbPjJBt1LVjyE/HHRwA/45pjs AtCeOu23BZ0kE24zRHEqdjSGENrwou2DeXuj1eq+XbfeaixcFqiDiYDUdhEK4CboKoByPWx+Fs+JOnlWwKLElqYe00CmuKW2FISY3dgDcWayHPRI5TB0tRoI3blXsdbDkmhawy7jgfVuy/ilYU1i6KxFUWgub2em5J/i83bSjbi1tV1g1hKdeNskYDVbBcBaTKoCS9cEBIo9ysIOfCeURuYQNnQnT9yzfB0TiIdoJ3X3ZG+596OzbYc/aCvWQR22X77DM7ZBMm2W8PvFfea++Pv+W/9YN1qe/1mmfsSvi7fwGyn70n</latexit>

f✓Sinst . MPl

<latexit sha1_base64="BWxAwwnFaKT5nEIjzYrEsVprQrM=">AAACGHicbVDLSsNAFJ3Ud31FXboZLIKrmkhFl4IIboSKVoWmhMn0ph06eTBzI5aQz3Djr7hxoYhbd/6N0xpBrQcGDufcy51zglQKjY7zYVWmpmdm5+YXqotLyyur9tr6lU4yxaHFE5mom4BpkCKGFgqUcJMqYFEg4ToYHI/861tQWiTxJQ5T6ESsF4tQcIZG8u3d0PewD8johZ97CHeYi1hjUVBPgtZaRPTs22jKovDtmlN3xqCTxC1JjZRo+va71014FkGMXDKt266TYidnCgWXUFS9TEPK+ID1oG1ozCLQnXwcrKDbRunSMFHmxUjH6s+NnEVaD6PATEYM+/qvNxL/89oZhocdkzTNEGL+dSjMJMWEjlqiXaGAoxwawrgS5q+U95liHE2XVVOC+zfyJLnaq7uN+v55o3Z0UtYxTzbJFtkhLjkgR+SUNEmLcHJPHskzebEerCfr1Xr7Gq1Y5c4G+QXr/RO2Z6F5</latexit>

T . f✓MPl

<latexit sha1_base64="7fpglu7CjelVtDMnknaf2qxIlqk=">AAACDHicbVDLSgNBEJyNrxhfUY9eBoPgKexKRI8BEbwIEfKCJITZSW8yZPbBTK8Ylv0AL/6KFw+KePUDvPk3TpI9aGLBQFFVTU+XG0mh0ba/rdzK6tr6Rn6zsLW9s7tX3D9o6jBWHBo8lKFqu0yDFAE0UKCEdqSA+a6Elju+mvqte1BahEEdJxH0fDYMhCc4QyP1i6U67UrQWgufev2kiyNAltLbKYUHTGoyTU3KLtsz0GXiZKREMtT6xa/uIOSxDwFyybTuOHaEvYQpFFxCWujGGiLGx2wIHUMD5oPuJbNjUnpilAH1QmVegHSm/p5ImK/1xHdN0mc40oveVPzP68ToXfYSEUQxQsDni7xYUgzptBk6EAo4yokhjCth/kr5iCnG0fRXMCU4iycvk+ZZ2amUz+8qpep1VkeeHJFjckocckGq5IbUSINw8kieySt5s56sF+vd+phHc1Y2c0j+wPr8AUTZm8w=</latexit>

Sinst ⇠ 8⇡2/g2

<latexit sha1_base64="M7GBAeSQeiC9S2lWmJV0urauAxg=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwVWdKxS4LIrisaB/QaUsmTdvQZGZI7ohl6NaNv+LGhSJu/QN3/o1pOwttPRA4nHMvN+f4keAaHOfbyqysrq1vZDdzW9s7u3v2/kFdh7GirEZDEaqmTzQTPGA14CBYM1KMSF+whj+6nPqNe6Y0D4M7GEesLckg4H1OCRipa+PbbuIBe4CEBxomE+xpLnEZexHvFM8GnWLXzjsFZwa8TNyU5FGKatf+8nohjSULgAqidct1ImgnRAGngk1yXqxZROiIDFjL0IBIptvJLMkEnxilh/uhMi8APFN/byREaj2WvpmUBIZ60ZuK/3mtGPrltskYxcACOj/UjwWGEE9rwT2uGAUxNoRQxc1fMR0SRSiY8nKmBHcx8jKpFwtuqXB+U8pXrtI6sugIHaNT5KILVEHXqIpqiKJH9Ixe0Zv1ZL1Y79bHfDRjpTuH6A+szx+Z75mf</latexit>

Axion WGC:

WGC for strings:

Further assume:

) T . g2

8⇡2
MPl

<latexit sha1_base64="YsvtafsfNihLPfWqsC++plIFz58="></latexit>

) Ms ⇠
p
2⇡T ⇠ gMPl

<latexit sha1_base64="HvwUjrH5Qs/qULYdVOiEvFGDidk="></latexit>

) T . g2

8⇡2
MPl

<latexit sha1_base64="YsvtafsfNihLPfWqsC++plIFz58="></latexit>

) Ms ⇠
p
2⇡T ⇠ gMPl

<latexit sha1_base64="HvwUjrH5Qs/qULYdVOiEvFGDidk="></latexit>

M2
Pl

<latexit sha1_base64="eDZndfPjkDqvHeKNIQSYz0IMsLU=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0lKRY8FEbwIFewHtDFstpt26WYTdidqifkpXjwo4tVf4s1/47bNQVsfDDzem2Fmnh9zpsC2v43Cyura+kZxs7S1vbO7Z5b32ypKJKEtEvFIdn2sKGeCtoABp91YUhz6nHb88cXU79xTqVgkbmESUzfEQ8ECRjBoyTPL117aB/oIMkybPMvuap5Zsav2DNYycXJSQTmanvnVH0QkCakAwrFSPceOwU2xBEY4zUr9RNEYkzEe0p6mAodUuens9Mw61srACiKpS4A1U39PpDhUahL6ujPEMFKL3lT8z+slEJy7KRNxAlSQ+aIg4RZE1jQHa8AkJcAnmmAimb7VIiMsMQGdVkmH4Cy+vEzatapTr57e1CuNyzyOIjpER+gEOegMNdAVaqIWIugBPaNX9GY8GS/Gu/Exby0Y+cwB+gPj8werLJRI</latexit>



WGC Mixing (cont.)

• Due to the                coupling, the string states carry 
electric charge. The mass of a charge n string state 
satisfies


• So these states satisfy the WGC!

• If the axion is a fundamental axion, i.e., the core of 

the axion string probes the deep UV, then there will 
be an infinite tower of such charged string states, 
satisfying the Tower WGC

✓F ^ F

<latexit sha1_base64="G0j+KSRwgq0Jyaz6p9sFW8LpV9s=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQyCp7Arih4DYvAYwTwgCWF20kmGzM4uM72GsOZTvHhQxKtf4s2/cfI4aGJBQ1HVTXdXEEth0PO+ncza+sbmVnY7t7O7t3/g5g9rJko0hyqPZKQbATMghYIqCpTQiDWwMJBQD4Y3U7/+CNqISD3gOIZ2yPpK9ARnaKWOm2/hAJDRMm2NoNsHWu64Ba/ozUBXib8gBbJApeN+tboRT0JQyCUzpul7MbZTplFwCZNcKzEQMz5kfWhaqlgIpp3OTp/QU6t0aS/SthTSmfp7ImWhMeMwsJ0hw4FZ9qbif14zwd51OxUqThAUny/qJZJiRKc50K7QwFGOLWFcC3sr5QOmGUebVs6G4C+/vEpq50X/onh5f1Eo3S7iyJJjckLOiE+uSInckQqpEk5G5Jm8kjfnyXlx3p2PeWvGWcwckT9wPn8A7FyTJg==</latexit>

mn ⇠ nMs . ngMPl

<latexit sha1_base64="4QvNihdf1kPzsciuvw0TgstQalE=">AAACFHicbVBNSwMxEM3W7/pV9eglWARBKLtS0aMgghehglWhW5ZsOq2hSXZJZsWy9Ed48a948aCIVw/e/DemHwdtfTDw8t4MmXlxKoVF3//2CjOzc/MLi0vF5ZXVtfXSxua1TTLDoc4TmZjbmFmQQkMdBUq4TQ0wFUu4ibunA//mHowVib7CXgpNxTpatAVn6KSotK8iTUMrFNX0IrI0lGDt6NlxQh4iPKBReU32+1Gp7Ff8Ieg0CcakTMaoRaWvsJXwTIFGLpm1jcBPsZkzg4JL6BfDzELKeJd1oOGoZgpsMx8e1ae7TmnRdmJcaaRD9fdEzpS1PRW7TsXwzk56A/E/r5Fh+7iZC51mCJqPPmpnkmJCBwnRljDAUfYcYdwItyvld8wwji7HogshmDx5mlwfVIJq5fCyWj45G8exSLbJDtkjATkiJ+Sc1EidcPJInskrefOevBfv3fsYtRa88cwW+QPv8wcAQZ45</latexit>



Exception: KK reduction

) Ms ⇠
p
2⇡T ⇠ eMPl ⇠ e1/3KKMPl .

<latexit sha1_base64="iksS8x0p6b70PgeD2+3U5g6QUGY="></latexit>

e ⇠ e1/3KK

<latexit sha1_base64="mcsE/MaqeDhQc38wljmaCT2cK2o=">AAACA3icbVDJSgNBEO2JW4xb1JteGoPgKc5oRI9BL0IuEcwCSQw9nUrSpGehu0YMw4AXf8WLB0W8+hPe/Bs7y0ETHxQ83quiqp4bSqHRtr+t1MLi0vJKejWztr6xuZXd3qnqIFIcKjyQgaq7TIMUPlRQoIR6qIB5roSaO7ga+bV7UFoE/i0OQ2h5rOeLruAMjdTO7gFtauFRaMdNhAeMS6UkuYud49Oknc3ZeXsMOk+cKcmRKcrt7FezE/DIAx+5ZFo3HDvEVswUCi4hyTQjDSHjA9aDhqE+80C34vEPCT00Sod2A2XKRzpWf0/EzNN66Lmm02PY17PeSPzPa0TYvWjFwg8jBJ9PFnUjSTGgo0BoRyjgKIeGMK6EuZXyPlOMo4ktY0JwZl+eJ9WTvFPIn90UcsXLaRxpsk8OyBFxyDkpkmtSJhXCySN5Jq/kzXqyXqx362PSmrKmM7vkD6zPH1VKl1U=</latexit>

1

8⇡2

Z 
�✓F ^ F +

✓
2

2⇡
H ^ F � ✓

3

3(2⇡)2
H ^H + · · ·

�
.

<latexit sha1_base64="USpe1nzsWTpw/s3yMM4CZTQV9pY="></latexit>

1

6(2⇡)2

Z
A ^ dA ^ dA , k 2 Z

<latexit sha1_base64="EwnSrLM1JpBwkdkV2OFzDsBLxw8="></latexit>

H = dB , F = dA

<latexit sha1_base64="nHnkUMGXTlxvRKJgU6O0qVGK9Xs=">AAAB+HicbVDLSgNBEOz1GeMjqx69DAbBQwi7EtFLIEaQHCOYByRLmJ2dJENmH8zMCnFJfsSLB0W8+ine/BsnyR40saChqOqmu8uNOJPKsr6NtfWNza3tzE52d2//IGceHjVlGAtCGyTkoWi7WFLOAtpQTHHajgTFvstpyx3dzvzWIxWShcGDGkfU8fEgYH1GsNJSz8zVysirdguF6XR6V/ZuembeKlpzoFVipyQPKeo986vrhST2aaAIx1J2bCtSToKFYoTTSbYbSxphMsID2tE0wD6VTjI/fILOtOKhfih0BQrN1d8TCfalHPuu7vSxGsplbyb+53Vi1b92EhZEsaIBWSzqxxypEM1SQB4TlCg+1gQTwfStiAyxwETprLI6BHv55VXSvCjapeLlfSlfqaZxZOAETuEcbLiCCtSgDg0gEMMzvMKb8WS8GO/Gx6J1zUhnjuEPjM8f0qqR6g==</latexit>

No               term! ✓H ^H

<latexit sha1_base64="j6XFXMBnjPDVcv8icRJWgJRkUk8=">AAAB+nicbVDJSgNBEO2JW4xbokcvjUHwFGYkoseglxwjmAWSIfT01CRNeha6awxhzKd48aCIV7/Em39jZzlo4oOCx3tVVNXzEik02va3ldvY3Nreye8W9vYPDo+KpeOWjlPFocljGauOxzRIEUETBUroJApY6Eloe6O7md9+BKVFHD3gJAE3ZINIBIIzNFK/WOrhEJDROu2NwR8ArfeLZbtiz0HXibMkZbJEo1/86vkxT0OIkEumddexE3QzplBwCdNCL9WQMD5iA+gaGrEQtJvNT5/Sc6P4NIiVqQjpXP09kbFQ60nomc6Q4VCvejPxP6+bYnDjZiJKUoSILxYFqaQY01kO1BcKOMqJIYwrYW6lfMgU42jSKpgQnNWX10nrsuJUK1f31XLtdhlHnpySM3JBHHJNaqROGqRJOBmTZ/JK3qwn68V6tz4WrTlrOXNC/sD6/AHxl5Mn</latexit>

But, there is a               term ✓F ^ F

<latexit sha1_base64="SgxAUsTM+ITqJ+t+3PuwMifPyJ0=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQyCp7Arih6DQvAYwTwgCWF20kmGzM4uM72GsOZTvHhQxKtf4s2/cfI4aGJBQ1HVTXdXEEth0PO+ncza+sbmVnY7t7O7t3/g5g9rJko0hyqPZKQbATMghYIqCpTQiDWwMJBQD4a3U7/+CNqISD3gOIZ2yPpK9ARnaKWOm2/hAJDRMm2NoNsHWu64Ba/ozUBXib8gBbJApeN+tboRT0JQyCUzpul7MbZTplFwCZNcKzEQMz5kfWhaqlgIpp3OTp/QU6t0aS/SthTSmfp7ImWhMeMwsJ0hw4FZ9qbif14zwd51OxUqThAUny/qJZJiRKc50K7QwFGOLWFcC3sr5QOmGUebVs6G4C+/vEpq50X/onh5f1Eo3SziyJJjckLOiE+uSInckQqpEk5G5Jm8kjfnyXlx3p2PeWvGWcwckT9wPn8A63WTIw==</latexit>

) T ⇠ (eMPl)
2

<latexit sha1_base64="Q+bq5Iw11RckB9kzXGN5eKm5vLU=">AAACD3icbVA9SwNBEN3z2/h1ammzGBRtwp0oWoo2NkKURAO5M+xtJsmSvQ9259Rw3D+w8a/YWChia2vnv3HzUWj0wcDjvRlm5gWJFBod58uamJyanpmdmy8sLC4tr9ira1c6ThWHKo9lrGoB0yBFBFUUKKGWKGBhIOE66J72/etbUFrEUQV7Cfgha0eiJThDIzXsbe9StDvIlIrvaIV6WoR0B+h5I/MQ7jEryzzfvdlr2EWn5AxA/xJ3RIpkhHLD/vSaMU9DiJBLpnXddRL0M6ZQcAl5wUs1JIx3WRvqhkYsBO1ng39yumWUJm3FylSEdKD+nMhYqHUvDExnyLCjx72++J9XT7F15GciSlKEiA8XtVJJMab9cGhTKOAoe4YwroS5lfIOU4yjibBgQnDHX/5LrvZK7n7p4GK/eHwyimOObJBNskNcckiOyRkpkyrh5IE8kRfyaj1az9ab9T5snbBGM+vkF6yPb9s5m+w=</latexit>

5d:

4d:

⇠ MPl;5

<latexit sha1_base64="l/0TDES/4a029C6E1ZPX/Rug0ec=">AAAB/3icbVA9SwNBEN2LXzF+RQUbm8UgWIU7SVCwCdrYCBHMByQh7G02yZLdvWN3TgznFf4VGwtFbP0bdv4bN8kVmvhg4PHeDDPz/FBwA6777WSWlldW17LruY3Nre2d/O5e3QSRpqxGAxHopk8ME1yxGnAQrBlqRqQvWMMfXU38xj3ThgfqDsYh60gyULzPKQErdfMHbcMlvunGbWAPoGVcFclFOenmC27RnQIvEi8lBZSi2s1/tXsBjSRTQAUxpuW5IXRiooFTwZJcOzIsJHREBqxlqSKSmU48vT/Bx1bp4X6gbSnAU/X3REykMWPp205JYGjmvYn4n9eKoH/eibkKI2CKzhb1I4EhwJMwcI9rRkGMLSFUc3srpkOiCQUbWc6G4M2/vEjqp0WvVCzflgqVyzSOLDpER+gEeegMVdA1qqIaougRPaNX9OY8OS/Ou/Mxa8046cw++gPn8wcDyJYc</latexit>



A 5d SUGRA analog

• Consider 5d SUGRA theory with exactly two 
abelian gauge fields,      and


• From cubic structure of prepotential, can show:


• Two cases correspond to emergent string limit and 
decompactification limit (cf. Emergent String 
Conjecture Lee, Lerche, Weigand ‘19)

A,B

<latexit sha1_base64="yGXZzwGLl1eVekPKtpcOJ6xRUEU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix1ovHCvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJneZ33miSrNIPpppTH2BR5KFjGCTSbcXqDEoV9yqOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsIbP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukfVn1atWrh1ql3sjjKMIJnMI5eHANdbiHJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucP3KmNeQ==</latexit>

A,B

<latexit sha1_base64="yGXZzwGLl1eVekPKtpcOJ6xRUEU=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix1ovHCvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJneZ33miSrNIPpppTH2BR5KFjGCTSbcXqDEoV9yqOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsIbP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukfVn1atWrh1ql3sjjKMIJnMI5eHANdbiHJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucP3KmNeQ==</latexit>

B ^ F ^ F

<latexit sha1_base64="Kwh9Z6G2nZaLc3kIDVT4chub9gg=">AAAB/HicbZDNSsNAFIUn9a/Wv2iXbgaL4KokUtFlURGXFWwttKFMJjft0MkkzEyUUOqruHGhiFsfxJ1v47QNoq0HBj7OvZd75/gJZ0o7zpdVWFpeWV0rrpc2Nre2d+zdvZaKU0mhSWMey7ZPFHAmoKmZ5tBOJJDI53DnDy8m9bt7kIrF4lZnCXgR6QsWMkq0sXp2+Rx3HyDoA776gZ5dcarOVHgR3BwqKFejZ392g5imEQhNOVGq4zqJ9kZEakY5jEvdVEFC6JD0oWNQkAiUN5oeP8aHxglwGEvzhMZT9/fEiERKZZFvOiOiB2q+NjH/q3VSHZ55IyaSVIOgs0VhyrGO8SQJHDAJVPPMAKGSmVsxHRBJqDZ5lUwI7vyXF6F1XHVr1ZObWqV+mcdRRPvoAB0hF52iOrpGDdREFGXoCb2gV+vRerberPdZa8HKZ8roj6yPb8IQk5E=</latexit>

No B ^ F ^ F

<latexit sha1_base64="b88FKQjny5iOne/t4t7Dk8YXf8s=">AAACB3icbZDJSgNBEIZ74hbjNupRkMYgeAozEtFjUBFPEsEskITQ06kkTXoWumvUMOTmxVfx4kERr76CN9/GzoJo4g8NH39VUV2/F0mh0XG+rNTc/MLiUno5s7K6tr5hb26VdRgrDiUeylBVPaZBigBKKFBCNVLAfE9CxeudDeuVW1BahMEN9iNo+KwTiLbgDI3VtHfrCPeYXIV0QE9p/Q5aHaAXP9C0s07OGYnOgjuBLJmo2LQ/662Qxz4EyCXTuuY6ETYSplBwCYNMPdYQMd5jHagZDJgPupGM7hjQfeO0aDtU5gVIR+7viYT5Wvd9z3T6DLt6ujY0/6vVYmyfNBIRRDFCwMeL2rGkGNJhKLQlFHCUfQOMK2H+SnmXKcbRRJcxIbjTJ89C+TDn5nNH1/ls4XwSR5rskD1yQFxyTArkkhRJiXDyQJ7IC3m1Hq1n6816H7emrMnMNvkj6+Mb8RqYFQ==</latexit>

)

<latexit sha1_base64="bhxCMGUUcU5h45z+nt83ZS6JGdY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LGgB49V7AekoWy2m3bpZjfsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrTlDWoEkq3I2KY4JI1kKNg7VQzkkSCtaLh9dRvPTJtuJIPOEpZmJC+5DGnBK0UdO55f4BEa/XULVe8qjeDu0z8nFQgR71b/ur0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2xSs+NlbYl0Z2pvyfGJDFmlES2MyE4MIveVPzPCzKMr8Ixl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF19eJs2zqn9evbg7r9Ru8jiKcATHcAo+XEINbqEODaCg4Ble4c1B58V5dz7mrQUnnzmEP3A+fwCUTZF3</latexit>

)

<latexit sha1_base64="bhxCMGUUcU5h45z+nt83ZS6JGdY=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LGgB49V7AekoWy2m3bpZjfsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrTlDWoEkq3I2KY4JI1kKNg7VQzkkSCtaLh9dRvPTJtuJIPOEpZmJC+5DGnBK0UdO55f4BEa/XULVe8qjeDu0z8nFQgR71b/ur0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2xSs+NlbYl0Z2pvyfGJDFmlES2MyE4MIveVPzPCzKMr8Ixl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF19eJs2zqn9evbg7r9Ru8jiKcATHcAo+XEINbqEODaCg4Ble4c1B58V5dz7mrQUnnzmEP3A+fwCUTZF3</latexit>

gB ⇠ g�2
A )

p
T ⇠ gA

<latexit sha1_base64="xYWgvBwfOQ7KcEKtaPNN82+NoFM=">AAACGHicbVDJSgNBFOyJW4xb1KOXxiB4Mc6EiB7jcvAYJRskcejpdCZNeha73yhhmM/w4q948aCI19z8GzsLookFDUVVPV6/ckLBFZjml5FaWFxaXkmvZtbWNza3sts7NRVEkrIqDUQgGw5RTHCfVYGDYI1QMuI5gtWd/uXIrz8wqXjgV2AQsrZHXJ93OSWgJTt77NoXuKW4h137/C4+KiS4dcvdHhApg0ft3EuIK8lPxM7mzLw5Bp4n1pTk0BRlOztsdQIaecwHKohSTcsMoR0TCZwKlmRakWIhoX3isqamPvGYasfjwxJ8oJUO7gZSPx/wWP09ERNPqYHn6KRHoKdmvZH4n9eMoHvWjrkfRsB8OlnUjQSGAI9awh0uGQUx0IRQyfVfMe0RSSjoLjO6BGv25HlSK+StYv7kppgrXU3rSKM9tI8OkYVOUQldozKqIoqe0At6Q+/Gs/FqfBifk2jKmM7soj8wht9JSZ9X</latexit>

gB ⇠ g�1/2
A )

p
T ⇠ g1/4A

<latexit sha1_base64="8Tm+0TrDTxLUCnBoPKURjDAfs1Q=">AAACIHicbVDLTgIxFO3gC/E16tJNIzFxI8wQjC59LVyiETSBcdIpZWjoPGzvaMhkPsWNv+LGhcboTr/GgiwQPEmTk3POze09Xiy4Asv6MnIzs3PzC/nFwtLyyuqaub7RUFEiKavTSETyxiOKCR6yOnAQ7CaWjASeYNde73TgX98zqXgUXkE/Zk5A/JB3OCWgJdc88N0T3FI8wL57fJvu2eVKhluX3O8CkTJ60N6dhPQqGwvZ5WrmmkWrZA2Bp4k9IkU0Qs01P1vtiCYBC4EKolTTtmJwUiKBU8GyQitRLCa0R3zW1DQkAVNOOjwwwztaaeNOJPULAQ/V8YmUBEr1A08nAwJdNekNxP+8ZgKdQyflYZwAC+nvok4iMER40BZuc8koiL4mhEqu/4ppl0hCQXda0CXYkydPk0alZFdL+xfV4tHZqI482kLbaBfZ6AAdoXNUQ3VE0SN6Rq/ozXgyXox34+M3mjNGM5voD4zvH28AofE=</latexit>

⇠ MPl;6

<latexit sha1_base64="jBpa9bJicFjrxA5z08lLJLclmMc=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5iRuICXgB68CBHMAplh6On0JE16FrprxDgM/ooXD4p49T+8+Td2loMmPih4vFdFVT0/EVyBZX0bhYXFpeWV4mppbX1jc8vc3mmqOJWUNWgsYtn2iWKCR6wBHARrJ5KR0Bes5Q8uR37rnknF4+gOhglzQ9KLeMApAS155p6jeIhvvMwB9gBZXeQXp7lnlq2KNQaeJ/aUlNEUdc/8croxTUMWARVEqY5tJeBmRAKnguUlJ1UsIXRAeqyjaURCptxsfH2OD7XSxUEsdUWAx+rviYyESg1DX3eGBPpq1huJ/3mdFIJzN+NRkgKL6GRRkAoMMR5FgbtcMgpiqAmhkutbMe0TSSjowEo6BHv25XnSPK7Y1crJbbVcu5rGUUT76AAdIRudoRq6RnXUQBQ9omf0it6MJ+PFeDc+Jq0FYzqzi/7A+PwBWNSVLA==</latexit>



Pheno Implications

• Tower/sublattice WGC imply EFT breaks down at 
species bound scale:


• In presence of                term, EFT breaks down at 
lower string scale


• This implies an incompatibility between EFTs at 
high energy (GUTs, high-scale inflation, etc.) and 
those with a tiny coupling constant (chromonatural 
inflation, dark radiation, etc.)

⇤UV ⇠ e1/3MPl

<latexit sha1_base64="8FHHUQSgd0luZcr0ypLfQtbmi2c=">AAACF3icbVDLSsNAFJ34tr6iLt0MFsFVTXygS0EQFwoVTFtoaplMb3Vw8mDmRiwhf+HGX3HjQhG3uvNvnLYRtHpg4HDOudy5J0ik0Og4n9bY+MTk1PTMbGlufmFxyV5eqek4VRw8HstYNQKmQYoIPBQooZEoYGEgoR7cHPX9+i0oLeLoAnsJtEJ2FYmu4AyN1LYr/qkJd1g78xHuMPNqeU59LUIKl5m7tZPTs2+rKvO8bZedijMA/UvcgpRJgWrb/vA7MU9DiJBLpnXTdRJsZUyh4BLykp9qSBi/YVfQNDRiIehWNrgrpxtG6dBurMyLkA7UnxMZC7XuhYFJhgyv9ajXF//zmil2D1qZiJIUIeLDRd1UUoxpvyTaEQo4yp4hjCth/kr5NVOMo6myZEpwR0/+S2rbFXe3sne+Wz48LuqYIWtknWwSl+yTQ3JCqsQjnNyTR/JMXqwH68l6td6G0TGrmFklv2C9fwFJiaAH</latexit>

✓F ^ F

<latexit sha1_base64="0U60LLO2AAN7N300HnFS1giC1Is=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQyCp7Arih4DSvAYwTwgCWF20kmGzM4uM72GsOZTvHhQxKtf4s2/cfI4aGJBQ1HVTXdXEEth0PO+ncza+sbmVnY7t7O7t3/g5g9rJko0hyqPZKQbATMghYIqCpTQiDWwMJBQD4Y3U7/+CNqISD3gOIZ2yPpK9ARnaKWOm2/hAJDRMm2NoNsHWu64Ba/ozUBXib8gBbJApeN+tboRT0JQyCUzpul7MbZTplFwCZNcKzEQMz5kfWhaqlgIpp3OTp/QU6t0aS/SthTSmfp7ImWhMeMwsJ0hw4FZ9qbif14zwd51OxUqThAUny/qJZJiRKc50K7QwFGOLWFcC3sr5QOmGUebVs6G4C+/vEpq50X/onh5f1Eo3S7iyJJjckLOiE+uSInckQqpEk5G5Jm8kjfnyXlx3p2PeWvGWcwckT9wPn8A7A+TJQ==</latexit>

⇤UV ⇠ Ms ⇠ eMPl

<latexit sha1_base64="pmT9hh+I9T9fcGHPMHonzlxvr5w=">AAACGnicbZBNS8NAEIY3ftb6FfXoZbEInkoiih4LgnhQqGBboQlhs53q4uaD3YlYQn6HF/+KFw+KeBMv/hu3bQ7aOrDw8L4zzM4bplJodJxva2Z2bn5hsbJUXV5ZXVu3NzbbOskUhxZPZKKuQ6ZBihhaKFDCdaqARaGETnh3MvQ796C0SOIrHKTgR+wmFn3BGRopsF3v3DT3WJB7CA+Yt9pFQT0tInoR6DGAwdJtyqII7JpTd0ZFp8EtoUbKagb2p9dLeBZBjFwyrbuuk6KfM4WCSyiqXqYhZfyO3UDXYMwi0H4+Oq2gu0bp0X6izIuRjtTfEzmLtB5EoemMGN7qSW8o/ud1M+wf+7mI0wwh5uNF/UxSTOgwJ9oTCjjKgQHGlTB/pfyWKcbRpFk1IbiTJ09De7/uHtQPLw9qjdMyjgrZJjtkj7jkiDTIGWmSFuHkkTyTV/JmPVkv1rv1MW6dscqZLfKnrK8fmxyhQA==</latexit>



Conclusions




Main Takeaways

• Chern-Weil symmetries are examples of higher-form 
global symmetries, with currents given by wedge 
products of gauge field strengths


• Many familiar phenomena in QFT and string theory 
can be understood in terms of Chern-Weil symmetries


• In the presence of Chern-Simons terms involving 
multiple gauge fields, the Weak Gravity Conjectures 
for these gauge fields can be mixed up with one 
another


• This has important implications for high-energy 
physics



Future Research
• When are                couplings required for consistency of 

the theory?


• Aside from KK theory, are there examples without such 
couplings? 


• Are there higher-dimensional examples of WGC-mixing 
in the presence of Chern-Simons terms? (work to appear 
with Sami Kaya)


• How does this story extend to         couplings, as appears 
in the 4d description of axion monodromy?


• How does this WGC-mixing fit with the notion of 
higher-group global symmetries? Is there a more general 
story to tell?

✓F ^ F

<latexit sha1_base64="1GqjCctCQAbM7DhM08X/AoUD5Fc=">AAAB+nicbVDJSgNBEO2JW4xbokcvjUHwFGYkoseAEDxGMAskQ+jpqUma9Cx01xjCmE/x4kERr36JN//GznLQxAcFj/eqqKrnJVJotO1vK7exubW9k98t7O0fHB4VS8ctHaeKQ5PHMlYdj2mQIoImCpTQSRSw0JPQ9ka3M7/9CEqLOHrASQJuyAaRCARnaKR+sdTDISCjddobgz8AWu8Xy3bFnoOuE2dJymSJRr/41fNjnoYQIZdM665jJ+hmTKHgEqaFXqohYXzEBtA1NGIhaDebnz6l50bxaRArUxHSufp7ImOh1pPQM50hw6Fe9Wbif143xeDGzUSUpAgRXywKUkkxprMcqC8UcJQTQxhXwtxK+ZApxtGkVTAhOKsvr5PWZcWpVq7uq+VafRlHnpySM3JBHHJNauSONEiTcDImz+SVvFlP1ov1bn0sWnPWcuaE/IH1+QPsqZMn</latexit>

✓F4
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