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The Landscape



Vafa ’05, Ooguri, Vafa ‘06

The Swampland



Landscape-Swampland Map
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Goal: Delineate Boundary
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Some Swampland Conjectures

• No Global Symmetries

• Weak Gravity Conjecture

• Distance Conjecture

• Tower/Sublattice WGC

• Completeness of Spectrum

• No Free Parameters

• 0-form WGC

• Magnetic WGC

• Repulsive Force Conjecture

• Scalar WGC

• De Sitter Conjectures

• AdS Distance Conjecture

• Finiteness of Landscape

• No Eternal Inflation

• No Non-SUSY AdS

• No Non-SUSY Minkowski space

• Moduli spaces have finite volume

• Spin-2 Conjecture

• …

Vafa ’05, …




The Great Swampland Tradeoff

Rigor

Pheno Implications

Weak Gravity Conjecture

No global symmetries

de Sitter

Conjectures

cf. talks from Hirosi Ooguri, Matthew Reece,…

Where we’d like to be



No global symmetries and the 
ubiquity of axions




No Global Symmetries

Conjecture: There do not exist exact global symmetries 
in a consistent theory of quantum gravity in d>3 
spacetime dimensions.

Hawking ‘80s, Banks, Seiberg ’10



Generalized Global Symmetries
• A “q-form global symmetry” is a global symmetry 

for which the charged operators are q-dimensional

• q = 0 corresponds to an ordinary global symmetry


• Global symmetry transformations form a group, G.

• G may be discrete or continuous. For q = 0, it may 

be non-Abelian or Abelian. For q > 0, it must 
Abelian.


• If G is continuous, it has (under reasonable 
assumptions) a conserved d-q-1-form “Noether 
current” J:

dJ (d�q�1) = 0
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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)

• As a result, they are not easy to break


• 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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:= Tr(F ^ F... ^ F| {z }
k

)
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Heidenreich, McNamara, Montero, Reece, TR, Valenzuela, ‘21

dF + [A,F ] = 0

<latexit sha1_base64="J59xuahzu8pXvT2K+wKSZFXs+PM=">AAAB8XicbVDLSsNAFL2pr1pfVZduBosgKCWRim6EqlBcVrAPTEOZTCbt0MkkzEyEEvoXblwo4ta/ceffOH0stPXAhcM593LvPX7CmdK2/W3llpZXVtfy64WNza3tneLuXlPFqSS0QWIey7aPFeVM0IZmmtN2IimOfE5b/uB27LeeqFQsFg96mFAvwj3BQkawNtJjUDtxr09r3pXdLZbssj0BWiTOjJRghnq3+NUJYpJGVGjCsVKuYyfay7DUjHA6KnRSRRNMBrhHXUMFjqjyssnFI3RklACFsTQlNJqovycyHCk1jHzTGWHdV/PeWPzPc1MdXnoZE0mqqSDTRWHKkY7R+H0UMEmJ5kNDMJHM3IpIH0tMtAmpYEJw5l9eJM2zslMpn99XStWbWRx5OIBDOAYHLqAKd1CHBhAQ8Ayv8GYp68V6tz6mrTlrNrMPf2B9/gCafY+T</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(· · · )
<latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="KKe60slYvq5r0GkQQT+8ztvuwVQ=">AAAB+HicbZDNSgMxFIXv1L9aq1a33QSLUDdlpht1IQiCuKzi2EJbSyaTtqGZyZDcUUrpwo2v4saFik/izrcx/Vlo64HAxzkJN/cEiRQGXffbyaysrq1vZDdzW/ntnd3CXv7OqFQz7jMllW4E1HApYu6jQMkbieY0CiSvB4OLSV5/4NoIFd/iMOHtiPZi0RWMorU6hWLrRvT6SLVWj+TyvkrOSFhusVChOeoUSm7FnYosgzeHEsxV6xS+WqFiacRjZJIa0/TcBNsjqlEwyce5Vmp4QtmA9njTYkwjbtqj6RJjcmidkHSVtidGMnV/vxjRyJhhFNibEcW+Wcwm5n9ZM8XuSXsk4iRFHrPZoG4qCSoyaYSEQnOGcmiBMi3sXwnrU00Z2t5ytgRvceVl8KuV04p37UIWinAAZfDgGM7hCmrgA4MneIE3eHeenVfnY9ZWxpnXtg9/5Hz+ALDWlUU=</latexit><latexit sha1_base64="KKe60slYvq5r0GkQQT+8ztvuwVQ=">AAAB+HicbZDNSgMxFIXv1L9aq1a33QSLUDdlpht1IQiCuKzi2EJbSyaTtqGZyZDcUUrpwo2v4saFik/izrcx/Vlo64HAxzkJN/cEiRQGXffbyaysrq1vZDdzW/ntnd3CXv7OqFQz7jMllW4E1HApYu6jQMkbieY0CiSvB4OLSV5/4NoIFd/iMOHtiPZi0RWMorU6hWLrRvT6SLVWj+TyvkrOSFhusVChOeoUSm7FnYosgzeHEsxV6xS+WqFiacRjZJIa0/TcBNsjqlEwyce5Vmp4QtmA9njTYkwjbtqj6RJjcmidkHSVtidGMnV/vxjRyJhhFNibEcW+Wcwm5n9ZM8XuSXsk4iRFHrPZoG4qCSoyaYSEQnOGcmiBMi3sXwnrU00Z2t5ytgRvceVl8KuV04p37UIWinAAZfDgGM7hCmrgA4MneIE3eHeenVfnY9ZWxpnXtg9/5Hz+ALDWlUU=</latexit><latexit sha1_base64="gJ7+7miZHhCTM7TUHNVigw5/JoY=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GITbhLoxZCUBDLKJ4JJDHs7W2SJXu7x+6cEkIKG/+KjYWKrX/Czn/j5qPQxAcDj/dmmJkXJoIb8LxvZ2FxaXllNbOWXd/Y3Np2d3ZvjUo1ZQFVQulaSAwTXLIAOAhWSzQjcShYNeydj/zqPdOGK3kD/YQ1Y9KRvM0pASu13Fzjmne6QLRWD/jiroRPcVRo0EiBOWy5ea/ojYHniT8leTRFpeV+NSJF05hJoIIYU/e9BJoDooFTwYbZRmpYQmiPdFjdUkliZpqD8RNDfGCVCLeVtiUBj9XfEwMSG9OPQ9sZE+iaWW8k/ufVU2gfNwdcJikwSSeL2qnAoPAoERxxzSiIviWEam5vxbRLNKFgc8vaEPzZl+dJUCqeFP0rL18+m6aRQTm0jwrIR0eojC5RBQWIokf0jF7Rm/PkvDjvzsekdcGZzuyhP3A+fwAqGJav</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit>

symmetry broken) F 2 = d(· · · )
<latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="KKe60slYvq5r0GkQQT+8ztvuwVQ=">AAAB+HicbZDNSgMxFIXv1L9aq1a33QSLUDdlpht1IQiCuKzi2EJbSyaTtqGZyZDcUUrpwo2v4saFik/izrcx/Vlo64HAxzkJN/cEiRQGXffbyaysrq1vZDdzW/ntnd3CXv7OqFQz7jMllW4E1HApYu6jQMkbieY0CiSvB4OLSV5/4NoIFd/iMOHtiPZi0RWMorU6hWLrRvT6SLVWj+TyvkrOSFhusVChOeoUSm7FnYosgzeHEsxV6xS+WqFiacRjZJIa0/TcBNsjqlEwyce5Vmp4QtmA9njTYkwjbtqj6RJjcmidkHSVtidGMnV/vxjRyJhhFNibEcW+Wcwm5n9ZM8XuSXsk4iRFHrPZoG4qCSoyaYSEQnOGcmiBMi3sXwnrU00Z2t5ytgRvceVl8KuV04p37UIWinAAZfDgGM7hCmrgA4MneIE3eHeenVfnY9ZWxpnXtg9/5Hz+ALDWlUU=</latexit><latexit sha1_base64="KKe60slYvq5r0GkQQT+8ztvuwVQ=">AAAB+HicbZDNSgMxFIXv1L9aq1a33QSLUDdlpht1IQiCuKzi2EJbSyaTtqGZyZDcUUrpwo2v4saFik/izrcx/Vlo64HAxzkJN/cEiRQGXffbyaysrq1vZDdzW/ntnd3CXv7OqFQz7jMllW4E1HApYu6jQMkbieY0CiSvB4OLSV5/4NoIFd/iMOHtiPZi0RWMorU6hWLrRvT6SLVWj+TyvkrOSFhusVChOeoUSm7FnYosgzeHEsxV6xS+WqFiacRjZJIa0/TcBNsjqlEwyce5Vmp4QtmA9njTYkwjbtqj6RJjcmidkHSVtidGMnV/vxjRyJhhFNibEcW+Wcwm5n9ZM8XuSXsk4iRFHrPZoG4qCSoyaYSEQnOGcmiBMi3sXwnrU00Z2t5ytgRvceVl8KuV04p37UIWinAAZfDgGM7hCmrgA4MneIE3eHeenVfnY9ZWxpnXtg9/5Hz+ALDWlUU=</latexit><latexit sha1_base64="gJ7+7miZHhCTM7TUHNVigw5/JoY=">AAACA3icbVA9SwNBEN3zM8avU8s0i0GITbhLoxZCUBDLKJ4JJDHs7W2SJXu7x+6cEkIKG/+KjYWKrX/Czn/j5qPQxAcDj/dmmJkXJoIb8LxvZ2FxaXllNbOWXd/Y3Np2d3ZvjUo1ZQFVQulaSAwTXLIAOAhWSzQjcShYNeydj/zqPdOGK3kD/YQ1Y9KRvM0pASu13Fzjmne6QLRWD/jiroRPcVRo0EiBOWy5ea/ojYHniT8leTRFpeV+NSJF05hJoIIYU/e9BJoDooFTwYbZRmpYQmiPdFjdUkliZpqD8RNDfGCVCLeVtiUBj9XfEwMSG9OPQ9sZE+iaWW8k/ufVU2gfNwdcJikwSSeL2qnAoPAoERxxzSiIviWEam5vxbRLNKFgc8vaEPzZl+dJUCqeFP0rL18+m6aRQTm0jwrIR0eojC5RBQWIokf0jF7Rm/PkvDjvzsekdcGZzuyhP3A+fwAqGJav</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</latexit><latexit sha1_base64="a3s5kAMf9KqajGjpQRyJAOXvbWk=">AAACA3icbVA9SwNBEN2LXzF+nVqmWQxCbMJdENRCCApiGcWYQO4Me3ubZMne7bE7p4SQwsa/YmOhYuufsPPfuPkoNPHBwOO9GWbmBYngGhzn28osLC4tr2RXc2vrG5tb9vbOrZapoqxGpZCqERDNBI9ZDTgI1kgUI1EgWD3onY/8+j1Tmsv4BvoJ8yPSiXmbUwJGatl575p3ukCUkg/44q6MT3FY9GgoQR+07IJTcsbA88SdkgKaotqyv7xQ0jRiMVBBtG66TgL+gCjgVLBhzks1SwjtkQ5rGhqTiGl/MH5iiPeNEuK2VKZiwGP198SARFr3o8B0RgS6etYbif95zRTax/6Ax0kKLKaTRe1UYJB4lAgOuWIURN8QQhU3t2LaJYpQMLnlTAju7MvzpFYunZTcq8NC5WyaRhbl0R4qIhcdoQq6RFVUQxQ9omf0it6sJ+vFerc+Jq0Zazqzi/7A+vwBK1iWsw==</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>

) 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>

Heidenreich, McNamara, Montero, Reece, TR, Valenzuela, ‘21



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)

<latexit sha1_base64="NL7HH16R4n8pYvI0o+coTaMW85I=">AAACM3icbZDLSgMxFIYzXmu9VV26CRahQikzVVB3BUUENxU7ttAZSyZN29DMheSMWIb6Tm58EDciuFBx6zuYXhba9kDg5//O4eT8XiS4AtN8M+bmFxaXllMr6dW19Y3NzNb2rQpjSZlNQxHKmkcUEzxgNnAQrBZJRnxPsKrXPRvw6j2TiodBBXoRc33SDniLUwLaamSuHGAPkFRkHzt5fNFIbuzc4UH/rph/nEGKs4mdswagkcmaBXNYeFpYY5FF4yo3Mi9OM6SxzwKggihVt8wI3IRI4FSwftqJFYsI7ZI2q2sZEJ8pNxke3cf72mniVij1CwAP3b8TCfGV6vme7vQJdNQkG5izWD2G1omb8CCKgQV0tKgVCwwhHiSIm1wyCqKnBaGS679i2iGSUNA5p3UI1uTJ08IuFk4L1vVRtnQ+TiOFdtEeyiELHaMSukRlZCOKntAr+kCfxrPxbnwZ36PWOWM8s4P+lfHzC149qG0=</latexit><latexit sha1_base64="NL7HH16R4n8pYvI0o+coTaMW85I=">AAACM3icbZDLSgMxFIYzXmu9VV26CRahQikzVVB3BUUENxU7ttAZSyZN29DMheSMWIb6Tm58EDciuFBx6zuYXhba9kDg5//O4eT8XiS4AtN8M+bmFxaXllMr6dW19Y3NzNb2rQpjSZlNQxHKmkcUEzxgNnAQrBZJRnxPsKrXPRvw6j2TiodBBXoRc33SDniLUwLaamSuHGAPkFRkHzt5fNFIbuzc4UH/rph/nEGKs4mdswagkcmaBXNYeFpYY5FF4yo3Mi9OM6SxzwKggihVt8wI3IRI4FSwftqJFYsI7ZI2q2sZEJ8pNxke3cf72mniVij1CwAP3b8TCfGV6vme7vQJdNQkG5izWD2G1omb8CCKgQV0tKgVCwwhHiSIm1wyCqKnBaGS679i2iGSUNA5p3UI1uTJ08IuFk4L1vVRtnQ+TiOFdtEeyiELHaMSukRlZCOKntAr+kCfxrPxbnwZ36PWOWM8s4P+lfHzC149qG0=</latexit><latexit sha1_base64="NL7HH16R4n8pYvI0o+coTaMW85I=">AAACM3icbZDLSgMxFIYzXmu9VV26CRahQikzVVB3BUUENxU7ttAZSyZN29DMheSMWIb6Tm58EDciuFBx6zuYXhba9kDg5//O4eT8XiS4AtN8M+bmFxaXllMr6dW19Y3NzNb2rQpjSZlNQxHKmkcUEzxgNnAQrBZJRnxPsKrXPRvw6j2TiodBBXoRc33SDniLUwLaamSuHGAPkFRkHzt5fNFIbuzc4UH/rph/nEGKs4mdswagkcmaBXNYeFpYY5FF4yo3Mi9OM6SxzwKggihVt8wI3IRI4FSwftqJFYsI7ZI2q2sZEJ8pNxke3cf72mniVij1CwAP3b8TCfGV6vme7vQJdNQkG5izWD2G1omb8CCKgQV0tKgVCwwhHiSIm1wyCqKnBaGS679i2iGSUNA5p3UI1uTJ08IuFk4L1vVRtnQ+TiOFdtEeyiELHaMSukRlZCOKntAr+kCfxrPxbnwZ36PWOWM8s4P+lfHzC149qG0=</latexit><latexit sha1_base64="NL7HH16R4n8pYvI0o+coTaMW85I=">AAACM3icbZDLSgMxFIYzXmu9VV26CRahQikzVVB3BUUENxU7ttAZSyZN29DMheSMWIb6Tm58EDciuFBx6zuYXhba9kDg5//O4eT8XiS4AtN8M+bmFxaXllMr6dW19Y3NzNb2rQpjSZlNQxHKmkcUEzxgNnAQrBZJRnxPsKrXPRvw6j2TiodBBXoRc33SDniLUwLaamSuHGAPkFRkHzt5fNFIbuzc4UH/rph/nEGKs4mdswagkcmaBXNYeFpYY5FF4yo3Mi9OM6SxzwKggihVt8wI3IRI4FSwftqJFYsI7ZI2q2sZEJ8pNxke3cf72mniVij1CwAP3b8TCfGV6vme7vQJdNQkG5izWD2G1omb8CCKgQV0tKgVCwwhHiSIm1wyCqKnBaGS679i2iGSUNA5p3UI1uTJ08IuFk4L1vVRtnQ+TiOFdtEeyiELHaMSukRlZCOKntAr+kCfxrPxbnwZ36PWOWM8s4P+lfHzC149qG0=</latexit>

TrF 2
SU(3), TrF 2

SU(2), TrF 2
U(1)
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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 (-1)-form global symmetries by 
gauging them (not just “looking under the 
lamppost”)
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Implications for Axion Physics
• 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
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Weak Gravity Conjecture and 
axion inflation



Weak Gravity Conjecture (WGC)

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

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

coupling constant

charge quantum

(q = gn)
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Weak Gravity Conjecture (WGC)
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The Generalized WGC

The generalized WGC: In any p-form theory in d dimensions,
there must exist an electrically charged object of dimension p� 1
and a magnetically charged object of dimension d� p� 1 with
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p-form WGC: Given a p-form gauge field in d dimensions, 
there exists an electrically charged object of dimension p-1 
and a magnetically charged object of dimension d-p-3 with

fS . MPl
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Axion (0-form) WGC: Given an axion with decay constant 
, there exists an instanton of action  such that f S

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



Natural Inflation
• One popular model of inflation is called “natural 

inflation,” which involves a sinusoidal potential:
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• Need  for inflation,  for parametric control f ≫ MPl S ≫ 1



Natural Inflation
• One popular model of inflation is called “natural 

inflation,” which involves a sinusoidal potential:


• Need  for inflation,  for control 

• Axion WGC 

• Natural inflation incompatible with WGC!

f ≫ MPl S ≫ 1
⇒ fS ≲ MPl

V(�)

�

2πf

Arkani-Hamed, Motl, Nicolis, Vafa ’06,      TR ’14, ’15,    Brown, Cottrell, Shiu, Soler ‘15



Natural Inflation in String Theory
• Surveys of string landscape have repeatedly 

observed   Banks, Dine, Fox, Gorbatov ’04, TR ’14, ’15, 
Bachlechner, Long, McAllister ’14, Montero, Uranga, Valenzuela ’15, Conlon, Krippendorf ’16, Long, 
McAllister, Stout ‘16

ℛ ≡ πfeff ≲ MPl

Figure adapted from Long, McAllister, Stout ‘16



Approximate Symmetries and 
Axion Bitowers



Approximate Symmetries in QG

• An approximate symmetry is defined in terms of some 
small parameter g, which vanishes as the symmetry 
becomes exact 


• Evidence suggests that global symmetries in must be 
not only broken, but badly broken, in the context of 
quantum gravity, meaning that g becomes O(1) at the 
Planck scale:

g(E = MPl) & 1
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Fichet, Saraswat ’19
Cordova, Ohmori, Rudelius ‘22



Axion Bitowers
• Axion has approximate shift symmetry,  

(exact gauge symmetry when )

• One common way to break is an axion bitower:


• Symmetry badly broken at Planck scale 

• Matches axion WGC! 

θ → θ + c
c = 2π

⇒ fS ≲ MPl

Particles:
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Etheredge, Heidenreich, Reece, Rudelius, to appear



Axion Bitowers in String Theory
• Type IIB string theory in 10d


• Circle compactification of tower of charged particles in 
5d

(p, q)-strings:
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Axion Bitowers and Potentials

• One important consequence of a particle bitower is that 
it generates a sinusoidal potential:


• Such potentials could play a role in dark matter, 
inflation, etc.

Etheredge, Heidenreich, Reece, Rudelius to appear
Fan, Fraser, Reece, Stout ‘21
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Summary and Next Steps



Summary

• Surveys of the quantum gravity landscape and  
swampland suggest that

• Axions are ubiquitous in the landscape

• Natural inflation is difficult (perhaps impossible) 

to achieve

• Axions often couple to matter through bitowers


• These can be understood as consequences of the 
absence of global symmetries and/or the Weak 
Gravity Conjecture



Next Steps

• More precise constraints on axions in QG—less 
 and more 


• Stronger arguments for WGC, absence of 
approximate symmetries at the Planck scale


• Further investigation of cosmological and 
phenomenological applications
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Thank you!



