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L0

<latexit sha1_base64="SoIi+tikGdI+W5/sBdimPmJGRH4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVVa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4GGNAA==</latexit>r

<latexit sha1_base64="8w7ZkTB4Yy0uHTZdbkClS185yvI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePGKQRwIbMjs0MGF2djMza0I2fIIXDxrj1S/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6acYx+SAeS9zmjxkq1Wve8Wyy5ZXcGsky8jJQgQ7Vb/Or0IpaEKA0TVOu258bGT6kynAmcFDqJxpiyER1g21JJQ9R+Ojt1Qk6s0iP9SNmShszU3xMpDbUeh4HtDKkZ6kVvKv7ntRPTv/FTLuPEoGTzRf1EEBOR6d+kxxUyI8aWUKa4vZWwIVWUGZtOwYbgLb68TBpnZe+qfPlwUarcZnHk4QiO4RQ8uIYK3EMV6sBgAM/wCm+OcF6cd+dj3ppzsplD+APn8wfZi42H</latexit>

S3
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Axion Wormholes

<latexit sha1_base64="t8RTTgby8r7NAS8Y5hLfCC9nW28=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe7ErzJoY2ERwUsCyRH2Nptkyd7esTsnhCO/wcZCEVt/kJ3/xk1yhSY+GHi8N8PMvDCRwqDrfjuFldW19Y3iZmlre2d3r7x/0DBxqhn3WSxj3Qqp4VIo7qNAyVuJ5jQKJW+Go9up33zi2ohYPeI44UFEB0r0BaNoJf++m7mTbrniVt0ZyDLxclKBHPVu+avTi1kacYVMUmPanptgkFGNgkk+KXVSwxPKRnTA25YqGnETZLNjJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif106xfx1kQiUpcsXmi/qpJBiT6eekJzRnKMeWUKaFvZWwIdWUoc2nZEPwFl9eJo2zqndZvXg4r9Ru8jiKcATHcAoeXEEN7qAOPjAQ8Ayv8OYo58V5dz7mrQUnnzmEP3A+fwCOoY6J</latexit>

L0

<latexit sha1_base64="SoIi+tikGdI+W5/sBdimPmJGRH4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVVa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4GGNAA==</latexit>r

<latexit sha1_base64="8w7ZkTB4Yy0uHTZdbkClS185yvI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePGKQRwIbMjs0MGF2djMza0I2fIIXDxrj1S/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6acYx+SAeS9zmjxkq1Wve8Wyy5ZXcGsky8jJQgQ7Vb/Or0IpaEKA0TVOu258bGT6kynAmcFDqJxpiyER1g21JJQ9R+Ojt1Qk6s0iP9SNmShszU3xMpDbUeh4HtDKkZ6kVvKv7ntRPTv/FTLuPEoGTzRf1EEBOR6d+kxxUyI8aWUKa4vZWwIVWUGZtOwYbgLb68TBpnZe+qfPlwUarcZnHk4QiO4RQ8uIYK3EMV6sBgAM/wCm+OcF6cd+dj3ppzsplD+APn8wfZi42H</latexit>

S3

Finite-action solutions
<latexit sha1_base64="Yirvh8UR0y74t91eT7TN67mu0UY="></latexit>

ds2 =
dr2

(1� L4
0/r

4)
+ r2d⌦2

3,

See e.g. [A. Hebecker, T. Mikhail, P. Soler, (2018)]
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Axion Wormholes

<latexit sha1_base64="t8RTTgby8r7NAS8Y5hLfCC9nW28=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe7ErzJoY2ERwUsCyRH2Nptkyd7esTsnhCO/wcZCEVt/kJ3/xk1yhSY+GHi8N8PMvDCRwqDrfjuFldW19Y3iZmlre2d3r7x/0DBxqhn3WSxj3Qqp4VIo7qNAyVuJ5jQKJW+Go9up33zi2ohYPeI44UFEB0r0BaNoJf++m7mTbrniVt0ZyDLxclKBHPVu+avTi1kacYVMUmPanptgkFGNgkk+KXVSwxPKRnTA25YqGnETZLNjJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif106xfx1kQiUpcsXmi/qpJBiT6eekJzRnKMeWUKaFvZWwIdWUoc2nZEPwFl9eJo2zqndZvXg4r9Ru8jiKcATHcAoeXEEN7qAOPjAQ8Ayv8OYo58V5dz7mrQUnnzmEP3A+fwCOoY6J</latexit>

L0

<latexit sha1_base64="SoIi+tikGdI+W5/sBdimPmJGRH4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVVa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4GGNAA==</latexit>r

<latexit sha1_base64="8w7ZkTB4Yy0uHTZdbkClS185yvI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePGKQRwIbMjs0MGF2djMza0I2fIIXDxrj1S/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6acYx+SAeS9zmjxkq1Wve8Wyy5ZXcGsky8jJQgQ7Vb/Or0IpaEKA0TVOu258bGT6kynAmcFDqJxpiyER1g21JJQ9R+Ojt1Qk6s0iP9SNmShszU3xMpDbUeh4HtDKkZ6kVvKv7ntRPTv/FTLuPEoGTzRf1EEBOR6d+kxxUyI8aWUKa4vZWwIVWUGZtOwYbgLb68TBpnZe+qfPlwUarcZnHk4QiO4RQ8uIYK3EMV6sBgAM/wCm+OcF6cd+dj3ppzsplD+APn8wfZi42H</latexit>

S3

Finite-action solutions
<latexit sha1_base64="Yirvh8UR0y74t91eT7TN67mu0UY="></latexit>

ds2 =
dr2

(1� L4
0/r

4)
+ r2d⌦2

3,

PQ Charge of the wormhole

<latexit sha1_base64="h2LXnrnB/7Z6AjTw4iyu+Eh1oxM="></latexit>Z

S3

HE3 =

Z

S3

f
2
? d✓E = qe

<latexit sha1_base64="1XixLPceKBST1yOKZN/Eovs+Ne4=">AAACGnicbVDLSsNAFJ34rPVVdSnCYBFclUR8bYSCLnQjFewD2hAm09t26GQSZyZCCVn5G/6AW/0Dd+LWjT/gdzhts7CtBy4czrmXe+/xI86Utu1va25+YXFpObeSX11b39gsbG3XVBhLClUa8lA2fKKAMwFVzTSHRiSBBD6Hut+/HPr1R5CKheJeDyJwA9IVrMMo0UbyCnsPXgIpxhdYeMlNiltM4FZAdM/3k9vUKxTtkj0CniVORoooQ8Ur/LTaIY0DEJpyolTTsSPtJkRqRjmk+VasICK0T7rQNFSQAJSbjN5I8YFR2rgTSlNC45H6dyIhgVKDwDedwwvVtDcU//Oase6cuwkTUaxB0PGiTsyxDvEwE9xmEqjmA0MIlczcimmPSEK1SW5iCyWCAk/zJhhnOoZZUjsqOaelk7vjYvkqiyiHdtE+OkQOOkNldI0qqIooekIv6BW9Wc/Wu/VhfY5b56xsZgdNwPr6Bc/ZoIk=</latexit>

qe = nI 2 N

See e.g. [A. Hebecker, T. Mikhail, P. Soler, (2018)]
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<latexit sha1_base64="t8RTTgby8r7NAS8Y5hLfCC9nW28=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe7ErzJoY2ERwUsCyRH2Nptkyd7esTsnhCO/wcZCEVt/kJ3/xk1yhSY+GHi8N8PMvDCRwqDrfjuFldW19Y3iZmlre2d3r7x/0DBxqhn3WSxj3Qqp4VIo7qNAyVuJ5jQKJW+Go9up33zi2ohYPeI44UFEB0r0BaNoJf++m7mTbrniVt0ZyDLxclKBHPVu+avTi1kacYVMUmPanptgkFGNgkk+KXVSwxPKRnTA25YqGnETZLNjJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif106xfx1kQiUpcsXmi/qpJBiT6eekJzRnKMeWUKaFvZWwIdWUoc2nZEPwFl9eJo2zqndZvXg4r9Ru8jiKcATHcAoeXEEN7qAOPjAQ8Ayv8OYo58V5dz7mrQUnnzmEP3A+fwCOoY6J</latexit>

L0

<latexit sha1_base64="SoIi+tikGdI+W5/sBdimPmJGRH4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVVa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4GGNAA==</latexit>r

<latexit sha1_base64="8w7ZkTB4Yy0uHTZdbkClS185yvI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePGKQRwIbMjs0MGF2djMza0I2fIIXDxrj1S/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6acYx+SAeS9zmjxkq1Wve8Wyy5ZXcGsky8jJQgQ7Vb/Or0IpaEKA0TVOu258bGT6kynAmcFDqJxpiyER1g21JJQ9R+Ojt1Qk6s0iP9SNmShszU3xMpDbUeh4HtDKkZ6kVvKv7ntRPTv/FTLuPEoGTzRf1EEBOR6d+kxxUyI8aWUKa4vZWwIVWUGZtOwYbgLb68TBpnZe+qfPlwUarcZnHk4QiO4RQ8uIYK3EMV6sBgAM/wCm+OcF6cd+dj3ppzsplD+APn8wfZi42H</latexit>

S3

<latexit sha1_base64="X/lgKteygoT/BpVNabY32WF5TRI=">AAACD3icbVDLTsJAFJ36RHwhLt00EhNXpDW+liS6cImJPBJoyHS4wITptM7cGkjTj/AH3OofuDNu/QR/wO9wgC4EPMkkJ+fce8/k+JHgGh3n21pZXVvf2Mxt5bd3dvf2CwfFug5jxaDGQhGqpk81CC6hhhwFNCMFNPAFNPzhzcRvPIHSPJQPOI7AC2hf8h5nFI3UKRTbCCOc3kkUdNPkMe0USk7ZmcJeJm5GSiRDtVP4aXdDFgcgkQmqdct1IvQSqpAzAWm+HWuIKBvSPrQMlTQA7SXTzNQ+MUrX7oXKPIn2VP27kdBA63Hgm8mA4kAvehPxP68VY+/aS7iMYgTJZkG9WNgY2pMi7C5XwFCMDaFMcfNXmw2oogxNXXMpjEoGIs2bYtzFGpZJ/azsXpYv7s9Lldusohw5IsfklLjkilTIHamSGmFkRF7IK3mznq1368P6nI2uWNnOIZmD9fUL8K+dnA==</latexit>q
Finite-action solutions

<latexit sha1_base64="Yirvh8UR0y74t91eT7TN67mu0UY="></latexit>

ds2 =
dr2

(1� L4
0/r

4)
+ r2d⌦2

3,

PQ Charge of the wormhole

<latexit sha1_base64="h2LXnrnB/7Z6AjTw4iyu+Eh1oxM="></latexit>Z

S3

HE3 =

Z

S3

f
2
? d✓E = qe

<latexit sha1_base64="1XixLPceKBST1yOKZN/Eovs+Ne4=">AAACGnicbVDLSsNAFJ34rPVVdSnCYBFclUR8bYSCLnQjFewD2hAm09t26GQSZyZCCVn5G/6AW/0Dd+LWjT/gdzhts7CtBy4czrmXe+/xI86Utu1va25+YXFpObeSX11b39gsbG3XVBhLClUa8lA2fKKAMwFVzTSHRiSBBD6Hut+/HPr1R5CKheJeDyJwA9IVrMMo0UbyCnsPXgIpxhdYeMlNiltM4FZAdM/3k9vUKxTtkj0CniVORoooQ8Ur/LTaIY0DEJpyolTTsSPtJkRqRjmk+VasICK0T7rQNFSQAJSbjN5I8YFR2rgTSlNC45H6dyIhgVKDwDedwwvVtDcU//Oase6cuwkTUaxB0PGiTsyxDvEwE9xmEqjmA0MIlczcimmPSEK1SW5iCyWCAk/zJhhnOoZZUjsqOaelk7vjYvkqiyiHdtE+OkQOOkNldI0qqIooekIv6BW9Wc/Wu/VhfY5b56xsZgdNwPr6Bc/ZoIk=</latexit>

qe = nI 2 N

See e.g. [A. Hebecker, T. Mikhail, P. Soler, (2018)]
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Axion Wormholes

<latexit sha1_base64="t8RTTgby8r7NAS8Y5hLfCC9nW28=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe7ErzJoY2ERwUsCyRH2Nptkyd7esTsnhCO/wcZCEVt/kJ3/xk1yhSY+GHi8N8PMvDCRwqDrfjuFldW19Y3iZmlre2d3r7x/0DBxqhn3WSxj3Qqp4VIo7qNAyVuJ5jQKJW+Go9up33zi2ohYPeI44UFEB0r0BaNoJf++m7mTbrniVt0ZyDLxclKBHPVu+avTi1kacYVMUmPanptgkFGNgkk+KXVSwxPKRnTA25YqGnETZLNjJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif106xfx1kQiUpcsXmi/qpJBiT6eekJzRnKMeWUKaFvZWwIdWUoc2nZEPwFl9eJo2zqndZvXg4r9Ru8jiKcATHcAoeXEEN7qAOPjAQ8Ayv8OYo58V5dz7mrQUnnzmEP3A+fwCOoY6J</latexit>

L0

<latexit sha1_base64="SoIi+tikGdI+W5/sBdimPmJGRH4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVVa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4GGNAA==</latexit>r

<latexit sha1_base64="8w7ZkTB4Yy0uHTZdbkClS185yvI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePGKQRwIbMjs0MGF2djMza0I2fIIXDxrj1S/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6acYx+SAeS9zmjxkq1Wve8Wyy5ZXcGsky8jJQgQ7Vb/Or0IpaEKA0TVOu258bGT6kynAmcFDqJxpiyER1g21JJQ9R+Ojt1Qk6s0iP9SNmShszU3xMpDbUeh4HtDKkZ6kVvKv7ntRPTv/FTLuPEoGTzRf1EEBOR6d+kxxUyI8aWUKa4vZWwIVWUGZtOwYbgLb68TBpnZe+qfPlwUarcZnHk4QiO4RQ8uIYK3EMV6sBgAM/wCm+OcF6cd+dj3ppzsplD+APn8wfZi42H</latexit>

S3

<latexit sha1_base64="X/lgKteygoT/BpVNabY32WF5TRI=">AAACD3icbVDLTsJAFJ36RHwhLt00EhNXpDW+liS6cImJPBJoyHS4wITptM7cGkjTj/AH3OofuDNu/QR/wO9wgC4EPMkkJ+fce8/k+JHgGh3n21pZXVvf2Mxt5bd3dvf2CwfFug5jxaDGQhGqpk81CC6hhhwFNCMFNPAFNPzhzcRvPIHSPJQPOI7AC2hf8h5nFI3UKRTbCCOc3kkUdNPkMe0USk7ZmcJeJm5GSiRDtVP4aXdDFgcgkQmqdct1IvQSqpAzAWm+HWuIKBvSPrQMlTQA7SXTzNQ+MUrX7oXKPIn2VP27kdBA63Hgm8mA4kAvehPxP68VY+/aS7iMYgTJZkG9WNgY2pMi7C5XwFCMDaFMcfNXmw2oogxNXXMpjEoGIs2bYtzFGpZJ/azsXpYv7s9Lldusohw5IsfklLjkilTIHamSGmFkRF7IK3mznq1368P6nI2uWNnOIZmD9fUL8K+dnA==</latexit>q
Finite-action solutions

<latexit sha1_base64="Yirvh8UR0y74t91eT7TN67mu0UY="></latexit>

ds2 =
dr2

(1� L4
0/r

4)
+ r2d⌦2

3,

PQ Charge of the wormhole

<latexit sha1_base64="h2LXnrnB/7Z6AjTw4iyu+Eh1oxM="></latexit>Z

S3

HE3 =

Z

S3

f
2
? d✓E = qe

<latexit sha1_base64="1XixLPceKBST1yOKZN/Eovs+Ne4=">AAACGnicbVDLSsNAFJ34rPVVdSnCYBFclUR8bYSCLnQjFewD2hAm09t26GQSZyZCCVn5G/6AW/0Dd+LWjT/gdzhts7CtBy4czrmXe+/xI86Utu1va25+YXFpObeSX11b39gsbG3XVBhLClUa8lA2fKKAMwFVzTSHRiSBBD6Hut+/HPr1R5CKheJeDyJwA9IVrMMo0UbyCnsPXgIpxhdYeMlNiltM4FZAdM/3k9vUKxTtkj0CniVORoooQ8Ur/LTaIY0DEJpyolTTsSPtJkRqRjmk+VasICK0T7rQNFSQAJSbjN5I8YFR2rgTSlNC45H6dyIhgVKDwDedwwvVtDcU//Oase6cuwkTUaxB0PGiTsyxDvEwE9xmEqjmA0MIlczcimmPSEK1SW5iCyWCAk/zJhhnOoZZUjsqOaelk7vjYvkqiyiHdtE+OkQOOkNldI0qqIooekIv6BW9Wc/Wu/VhfY5b56xsZgdNwPr6Bc/ZoIk=</latexit>

qe = nI 2 N
Giddings-Strominger-Lee Wormholes 

See e.g. [A. Hebecker, T. Mikhail, P. Soler, (2018)]

[S. B. Giddings, A. Strominger, (1988)] [K. Lee, (1988)] 
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Axion Wormholes

<latexit sha1_base64="t8RTTgby8r7NAS8Y5hLfCC9nW28=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe7ErzJoY2ERwUsCyRH2Nptkyd7esTsnhCO/wcZCEVt/kJ3/xk1yhSY+GHi8N8PMvDCRwqDrfjuFldW19Y3iZmlre2d3r7x/0DBxqhn3WSxj3Qqp4VIo7qNAyVuJ5jQKJW+Go9up33zi2ohYPeI44UFEB0r0BaNoJf++m7mTbrniVt0ZyDLxclKBHPVu+avTi1kacYVMUmPanptgkFGNgkk+KXVSwxPKRnTA25YqGnETZLNjJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif106xfx1kQiUpcsXmi/qpJBiT6eekJzRnKMeWUKaFvZWwIdWUoc2nZEPwFl9eJo2zqndZvXg4r9Ru8jiKcATHcAoeXEEN7qAOPjAQ8Ayv8OYo58V5dz7mrQUnnzmEP3A+fwCOoY6J</latexit>

L0

<latexit sha1_base64="SoIi+tikGdI+W5/sBdimPmJGRH4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVVa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4GGNAA==</latexit>r

<latexit sha1_base64="8w7ZkTB4Yy0uHTZdbkClS185yvI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePGKQRwIbMjs0MGF2djMza0I2fIIXDxrj1S/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6acYx+SAeS9zmjxkq1Wve8Wyy5ZXcGsky8jJQgQ7Vb/Or0IpaEKA0TVOu258bGT6kynAmcFDqJxpiyER1g21JJQ9R+Ojt1Qk6s0iP9SNmShszU3xMpDbUeh4HtDKkZ6kVvKv7ntRPTv/FTLuPEoGTzRf1EEBOR6d+kxxUyI8aWUKa4vZWwIVWUGZtOwYbgLb68TBpnZe+qfPlwUarcZnHk4QiO4RQ8uIYK3EMV6sBgAM/wCm+OcF6cd+dj3ppzsplD+APn8wfZi42H</latexit>

S3

<latexit sha1_base64="X/lgKteygoT/BpVNabY32WF5TRI=">AAACD3icbVDLTsJAFJ36RHwhLt00EhNXpDW+liS6cImJPBJoyHS4wITptM7cGkjTj/AH3OofuDNu/QR/wO9wgC4EPMkkJ+fce8/k+JHgGh3n21pZXVvf2Mxt5bd3dvf2CwfFug5jxaDGQhGqpk81CC6hhhwFNCMFNPAFNPzhzcRvPIHSPJQPOI7AC2hf8h5nFI3UKRTbCCOc3kkUdNPkMe0USk7ZmcJeJm5GSiRDtVP4aXdDFgcgkQmqdct1IvQSqpAzAWm+HWuIKBvSPrQMlTQA7SXTzNQ+MUrX7oXKPIn2VP27kdBA63Hgm8mA4kAvehPxP68VY+/aS7iMYgTJZkG9WNgY2pMi7C5XwFCMDaFMcfNXmw2oogxNXXMpjEoGIs2bYtzFGpZJ/azsXpYv7s9Lldusohw5IsfklLjkilTIHamSGmFkRF7IK3mznq1368P6nI2uWNnOIZmD9fUL8K+dnA==</latexit>q
Finite-action solutions

<latexit sha1_base64="Yirvh8UR0y74t91eT7TN67mu0UY="></latexit>

ds2 =
dr2

(1� L4
0/r

4)
+ r2d⌦2

3,

PQ Charge of the wormhole

<latexit sha1_base64="h2LXnrnB/7Z6AjTw4iyu+Eh1oxM="></latexit>Z

S3

HE3 =

Z

S3

f
2
? d✓E = qe

<latexit sha1_base64="1XixLPceKBST1yOKZN/Eovs+Ne4=">AAACGnicbVDLSsNAFJ34rPVVdSnCYBFclUR8bYSCLnQjFewD2hAm09t26GQSZyZCCVn5G/6AW/0Dd+LWjT/gdzhts7CtBy4czrmXe+/xI86Utu1va25+YXFpObeSX11b39gsbG3XVBhLClUa8lA2fKKAMwFVzTSHRiSBBD6Hut+/HPr1R5CKheJeDyJwA9IVrMMo0UbyCnsPXgIpxhdYeMlNiltM4FZAdM/3k9vUKxTtkj0CniVORoooQ8Ur/LTaIY0DEJpyolTTsSPtJkRqRjmk+VasICK0T7rQNFSQAJSbjN5I8YFR2rgTSlNC45H6dyIhgVKDwDedwwvVtDcU//Oase6cuwkTUaxB0PGiTsyxDvEwE9xmEqjmA0MIlczcimmPSEK1SW5iCyWCAk/zJhhnOoZZUjsqOaelk7vjYvkqiyiHdtE+OkQOOkNldI0qqIooekIv6BW9Wc/Wu/VhfY5b56xsZgdNwPr6Bc/ZoIk=</latexit>

qe = nI 2 N
Giddings-Strominger-Lee Wormholes 

<latexit sha1_base64="qCWjuX56z8EjjhLKDgqnXTIVMIQ="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
f2
a (@µ✓)

2

◆ <latexit sha1_base64="P/E34Nl9WTkjzcjhPeSLxJ6b8t0="></latexit>

S =

Z
d
4
x
p
g

✓
�M

2
P

2
R+

1

12f2
a

Hµ⌫⇢H
µ⌫⇢ +

1

6
✓✏

�µ⌫⇢
@�Hµ⌫⇢

◆

See e.g. [A. Hebecker, T. Mikhail, P. Soler, (2018)]

[S. B. Giddings, A. Strominger, (1988)] [K. Lee, (1988)] 
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Axion Wormholes

<latexit sha1_base64="t8RTTgby8r7NAS8Y5hLfCC9nW28=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe7ErzJoY2ERwUsCyRH2Nptkyd7esTsnhCO/wcZCEVt/kJ3/xk1yhSY+GHi8N8PMvDCRwqDrfjuFldW19Y3iZmlre2d3r7x/0DBxqhn3WSxj3Qqp4VIo7qNAyVuJ5jQKJW+Go9up33zi2ohYPeI44UFEB0r0BaNoJf++m7mTbrniVt0ZyDLxclKBHPVu+avTi1kacYVMUmPanptgkFGNgkk+KXVSwxPKRnTA25YqGnETZLNjJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif106xfx1kQiUpcsXmi/qpJBiT6eekJzRnKMeWUKaFvZWwIdWUoc2nZEPwFl9eJo2zqndZvXg4r9Ru8jiKcATHcAoeXEEN7qAOPjAQ8Ayv8OYo58V5dz7mrQUnnzmEP3A+fwCOoY6J</latexit>

L0

<latexit sha1_base64="SoIi+tikGdI+W5/sBdimPmJGRH4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVVa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4GGNAA==</latexit>r

<latexit sha1_base64="8w7ZkTB4Yy0uHTZdbkClS185yvI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePGKQRwIbMjs0MGF2djMza0I2fIIXDxrj1S/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6acYx+SAeS9zmjxkq1Wve8Wyy5ZXcGsky8jJQgQ7Vb/Or0IpaEKA0TVOu258bGT6kynAmcFDqJxpiyER1g21JJQ9R+Ojt1Qk6s0iP9SNmShszU3xMpDbUeh4HtDKkZ6kVvKv7ntRPTv/FTLuPEoGTzRf1EEBOR6d+kxxUyI8aWUKa4vZWwIVWUGZtOwYbgLb68TBpnZe+qfPlwUarcZnHk4QiO4RQ8uIYK3EMV6sBgAM/wCm+OcF6cd+dj3ppzsplD+APn8wfZi42H</latexit>

S3

<latexit sha1_base64="X/lgKteygoT/BpVNabY32WF5TRI=">AAACD3icbVDLTsJAFJ36RHwhLt00EhNXpDW+liS6cImJPBJoyHS4wITptM7cGkjTj/AH3OofuDNu/QR/wO9wgC4EPMkkJ+fce8/k+JHgGh3n21pZXVvf2Mxt5bd3dvf2CwfFug5jxaDGQhGqpk81CC6hhhwFNCMFNPAFNPzhzcRvPIHSPJQPOI7AC2hf8h5nFI3UKRTbCCOc3kkUdNPkMe0USk7ZmcJeJm5GSiRDtVP4aXdDFgcgkQmqdct1IvQSqpAzAWm+HWuIKBvSPrQMlTQA7SXTzNQ+MUrX7oXKPIn2VP27kdBA63Hgm8mA4kAvehPxP68VY+/aS7iMYgTJZkG9WNgY2pMi7C5XwFCMDaFMcfNXmw2oogxNXXMpjEoGIs2bYtzFGpZJ/azsXpYv7s9Lldusohw5IsfklLjkilTIHamSGmFkRF7IK3mznq1368P6nI2uWNnOIZmD9fUL8K+dnA==</latexit>q
Finite-action solutions

<latexit sha1_base64="Yirvh8UR0y74t91eT7TN67mu0UY="></latexit>

ds2 =
dr2

(1� L4
0/r

4)
+ r2d⌦2

3,

PQ Charge of the wormhole

<latexit sha1_base64="h2LXnrnB/7Z6AjTw4iyu+Eh1oxM="></latexit>Z

S3

HE3 =

Z

S3

f
2
? d✓E = qe

<latexit sha1_base64="1XixLPceKBST1yOKZN/Eovs+Ne4=">AAACGnicbVDLSsNAFJ34rPVVdSnCYBFclUR8bYSCLnQjFewD2hAm09t26GQSZyZCCVn5G/6AW/0Dd+LWjT/gdzhts7CtBy4czrmXe+/xI86Utu1va25+YXFpObeSX11b39gsbG3XVBhLClUa8lA2fKKAMwFVzTSHRiSBBD6Hut+/HPr1R5CKheJeDyJwA9IVrMMo0UbyCnsPXgIpxhdYeMlNiltM4FZAdM/3k9vUKxTtkj0CniVORoooQ8Ur/LTaIY0DEJpyolTTsSPtJkRqRjmk+VasICK0T7rQNFSQAJSbjN5I8YFR2rgTSlNC45H6dyIhgVKDwDedwwvVtDcU//Oase6cuwkTUaxB0PGiTsyxDvEwE9xmEqjmA0MIlczcimmPSEK1SW5iCyWCAk/zJhhnOoZZUjsqOaelk7vjYvkqiyiHdtE+OkQOOkNldI0qqIooekIv6BW9Wc/Wu/VhfY5b56xsZgdNwPr6Bc/ZoIk=</latexit>

qe = nI 2 N
Giddings-Strominger-Lee Wormholes 

<latexit sha1_base64="qCWjuX56z8EjjhLKDgqnXTIVMIQ="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
f2
a (@µ✓)

2

◆ <latexit sha1_base64="P/E34Nl9WTkjzcjhPeSLxJ6b8t0="></latexit>

S =

Z
d
4
x
p
g

✓
�M

2
P

2
R+

1

12f2
a

Hµ⌫⇢H
µ⌫⇢ +

1

6
✓✏

�µ⌫⇢
@�Hµ⌫⇢

◆

Instanton contributions : 
<latexit sha1_base64="ila58Nuc2juOdGxyKaRAzgdIzPw="></latexit>

exp (�S) = exp(�Swh + inI✓)

See e.g. [A. Hebecker, T. Mikhail, P. Soler, (2018)]

[S. B. Giddings, A. Strominger, (1988)] [K. Lee, (1988)] 



D.Y. Cheong                                                                                                An Effective Approach for Axion Wormholes 5

Axion Wormholes

<latexit sha1_base64="t8RTTgby8r7NAS8Y5hLfCC9nW28=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe7ErzJoY2ERwUsCyRH2Nptkyd7esTsnhCO/wcZCEVt/kJ3/xk1yhSY+GHi8N8PMvDCRwqDrfjuFldW19Y3iZmlre2d3r7x/0DBxqhn3WSxj3Qqp4VIo7qNAyVuJ5jQKJW+Go9up33zi2ohYPeI44UFEB0r0BaNoJf++m7mTbrniVt0ZyDLxclKBHPVu+avTi1kacYVMUmPanptgkFGNgkk+KXVSwxPKRnTA25YqGnETZLNjJ+TEKj3Sj7UthWSm/p7IaGTMOAptZ0RxaBa9qfif106xfx1kQiUpcsXmi/qpJBiT6eekJzRnKMeWUKaFvZWwIdWUoc2nZEPwFl9eJo2zqndZvXg4r9Ru8jiKcATHcAoeXEEN7qAOPjAQ8Ayv8OYo58V5dz7mrQUnnzmEP3A+fwCOoY6J</latexit>

L0

<latexit sha1_base64="SoIi+tikGdI+W5/sBdimPmJGRH4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVVa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwB4GGNAA==</latexit>r

<latexit sha1_base64="8w7ZkTB4Yy0uHTZdbkClS185yvI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H4lePGKQRwIbMjs0MGF2djMza0I2fIIXDxrj1S/y5t84wB4UrKSTSlV3uruCWHBtXPfbya2srq1v5DcLW9s7u3vF/YOGjhLFsM4iEalWQDUKLrFuuBHYihXSMBDYDEZ3U7/5hErzSD6acYx+SAeS9zmjxkq1Wve8Wyy5ZXcGsky8jJQgQ7Vb/Or0IpaEKA0TVOu258bGT6kynAmcFDqJxpiyER1g21JJQ9R+Ojt1Qk6s0iP9SNmShszU3xMpDbUeh4HtDKkZ6kVvKv7ntRPTv/FTLuPEoGTzRf1EEBOR6d+kxxUyI8aWUKa4vZWwIVWUGZtOwYbgLb68TBpnZe+qfPlwUarcZnHk4QiO4RQ8uIYK3EMV6sBgAM/wCm+OcF6cd+dj3ppzsplD+APn8wfZi42H</latexit>

S3

<latexit sha1_base64="X/lgKteygoT/BpVNabY32WF5TRI=">AAACD3icbVDLTsJAFJ36RHwhLt00EhNXpDW+liS6cImJPBJoyHS4wITptM7cGkjTj/AH3OofuDNu/QR/wO9wgC4EPMkkJ+fce8/k+JHgGh3n21pZXVvf2Mxt5bd3dvf2CwfFug5jxaDGQhGqpk81CC6hhhwFNCMFNPAFNPzhzcRvPIHSPJQPOI7AC2hf8h5nFI3UKRTbCCOc3kkUdNPkMe0USk7ZmcJeJm5GSiRDtVP4aXdDFgcgkQmqdct1IvQSqpAzAWm+HWuIKBvSPrQMlTQA7SXTzNQ+MUrX7oXKPIn2VP27kdBA63Hgm8mA4kAvehPxP68VY+/aS7iMYgTJZkG9WNgY2pMi7C5XwFCMDaFMcfNXmw2oogxNXXMpjEoGIs2bYtzFGpZJ/azsXpYv7s9Lldusohw5IsfklLjkilTIHamSGmFkRF7IK3mznq1368P6nI2uWNnOIZmD9fUL8K+dnA==</latexit>q
Finite-action solutions

<latexit sha1_base64="Yirvh8UR0y74t91eT7TN67mu0UY="></latexit>

ds2 =
dr2

(1� L4
0/r

4)
+ r2d⌦2

3,

PQ Charge of the wormhole

<latexit sha1_base64="h2LXnrnB/7Z6AjTw4iyu+Eh1oxM="></latexit>Z

S3

HE3 =

Z

S3

f
2
? d✓E = qe

<latexit sha1_base64="1XixLPceKBST1yOKZN/Eovs+Ne4=">AAACGnicbVDLSsNAFJ34rPVVdSnCYBFclUR8bYSCLnQjFewD2hAm09t26GQSZyZCCVn5G/6AW/0Dd+LWjT/gdzhts7CtBy4czrmXe+/xI86Utu1va25+YXFpObeSX11b39gsbG3XVBhLClUa8lA2fKKAMwFVzTSHRiSBBD6Hut+/HPr1R5CKheJeDyJwA9IVrMMo0UbyCnsPXgIpxhdYeMlNiltM4FZAdM/3k9vUKxTtkj0CniVORoooQ8Ur/LTaIY0DEJpyolTTsSPtJkRqRjmk+VasICK0T7rQNFSQAJSbjN5I8YFR2rgTSlNC45H6dyIhgVKDwDedwwvVtDcU//Oase6cuwkTUaxB0PGiTsyxDvEwE9xmEqjmA0MIlczcimmPSEK1SW5iCyWCAk/zJhhnOoZZUjsqOaelk7vjYvkqiyiHdtE+OkQOOkNldI0qqIooekIv6BW9Wc/Wu/VhfY5b56xsZgdNwPr6Bc/ZoIk=</latexit>

qe = nI 2 N
Giddings-Strominger-Lee Wormholes 

<latexit sha1_base64="qCWjuX56z8EjjhLKDgqnXTIVMIQ="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
f2
a (@µ✓)

2

◆ <latexit sha1_base64="P/E34Nl9WTkjzcjhPeSLxJ6b8t0="></latexit>

S =

Z
d
4
x
p
g

✓
�M

2
P

2
R+

1

12f2
a

Hµ⌫⇢H
µ⌫⇢ +

1

6
✓✏

�µ⌫⇢
@�Hµ⌫⇢

◆

Instanton contributions : 
<latexit sha1_base64="ila58Nuc2juOdGxyKaRAzgdIzPw="></latexit>

exp (�S) = exp(�Swh + inI✓)

<latexit sha1_base64="wzd7DL85HXquw10YS9mNUdJwzhM="></latexit>

�V wh
��PQ ' 1

L4
0

exp(�Swh) cos(nI✓ + �)

See e.g. [A. Hebecker, T. Mikhail, P. Soler, (2018)]

[S. B. Giddings, A. Strominger, (1988)] [K. Lee, (1988)] 
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Axion Wormholes - Giddings-Strominger-Lee Wormholes
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Axion Wormholes - Giddings-Strominger-Lee Wormholes

<latexit sha1_base64="qCWjuX56z8EjjhLKDgqnXTIVMIQ="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
f2
a (@µ✓)

2

◆ <latexit sha1_base64="P/E34Nl9WTkjzcjhPeSLxJ6b8t0="></latexit>

S =

Z
d
4
x
p
g

✓
�M

2
P

2
R+

1

12f2
a

Hµ⌫⇢H
µ⌫⇢ +

1

6
✓✏

�µ⌫⇢
@�Hµ⌫⇢

◆
Giddings-Strominger-Lee Wormholes 
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<latexit sha1_base64="8O0D/CXciAIirRg3QcGeDpB6gt8=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzAjIXoRAh70GMEskMTQ06lJmvQsdNeIYUgu/ooXD4p49S+8+Td2loMmPih4vFdFVT0vlkKj43xbS8srq2vrmY3s5tb2zq69t1/VUaI4VHgkI1X3mAYpQqigQAn1WAELPAk1r3819msPoLSIwjscxNAKWDcUvuAMjdS2D/02o5fUde5TtzgcNREeMb2G6rBt55y8MwFdJO6M5MgM5bb91exEPAkgRC6Z1g3XibGVMoWCSxhmm4mGmPE+60LD0JAFoFvp5IMhPTFKh/qRMhUinai/J1IWaD0IPNMZMOzpeW8s/uc1EvQvWqkI4wQh5NNFfiIpRnQcB+0IBRzlwBDGlTC3Ut5jinE0oWVNCO78y4ukepZ3i/nCbSFXKsziyJAjckxOiUvOSYnckDKpEE5G5Jm8kjfryXqx3q2PaeuSNZs5IH9gff4A+pyV8A==</latexit>

fa = 1016 GeV
<latexit sha1_base64="WXivBly+m6rhsLAmCwRoaJkvQ9U=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzAjcbkIAQ96jGAWSGLo6dQkTXoWumvEMCQXf8WLB0W8+hfe/Bs7y0ETHxQ83quiqp4XS6HRcb6thcWl5ZXVzFp2fWNza9ve2a3oKFEcyjySkap5TIMUIZRRoIRarIAFnoSq17sa+dUHUFpE4R32Y2gGrBMKX3CGRmrZ+36L0UvqOvepezoYNhAeMb2GyqBl55y8MwadJ+6U5MgUpZb91WhHPAkgRC6Z1nXXibGZMoWCSxhkG4mGmPEe60Dd0JAFoJvp+IMBPTJKm/qRMhUiHau/J1IWaN0PPNMZMOzqWW8k/ufVE/QvmqkI4wQh5JNFfiIpRnQUB20LBRxl3xDGlTC3Ut5linE0oWVNCO7sy/OkcpJ3z/KF20KuWJjGkSEH5JAcE5eckyK5ISVSJpwMyTN5JW/Wk/VivVsfk9YFazqzR/7A+vwB+QyV7w==</latexit>

fa = 1015 GeV
<latexit sha1_base64="CaxSxIEkukLdyIL+FgodQwdzLc4=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzATgnoRAh70GMEskMTQ06lJmvQsdNeIYUgu/ooXD4p49S+8+Td2loMmPih4vFdFVT0vlkKj43xbS8srq2vrmY3s5tb2zq69t1/VUaI4VHgkI1X3mAYpQqigQAn1WAELPAk1r3819msPoLSIwjscxNAKWDcUvuAMjdS2D/02o5fUde5TtzAcNREeMb2G6rBt55y8MwFdJO6M5MgM5bb91exEPAkgRC6Z1g3XibGVMoWCSxhmm4mGmPE+60LD0JAFoFvp5IMhPTFKh/qRMhUinai/J1IWaD0IPNMZMOzpeW8s/uc1EvQvWqkI4wQh5NNFfiIpRnQcB+0IBRzlwBDGlTC3Ut5jinE0oWVNCO78y4ukWsi7Z/nibTFXKs7iyJAjckxOiUvOSYnckDKpEE5G5Jm8kjfryXqx3q2PaeuSNZs5IH9gff4A9FyV7A==</latexit>
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<latexit sha1_base64="CaxSxIEkukLdyIL+FgodQwdzLc4=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzATgnoRAh70GMEskMTQ06lJmvQsdNeIYUgu/ooXD4p49S+8+Td2loMmPih4vFdFVT0vlkKj43xbS8srq2vrmY3s5tb2zq69t1/VUaI4VHgkI1X3mAYpQqigQAn1WAELPAk1r3819msPoLSIwjscxNAKWDcUvuAMjdS2D/02o5fUde5TtzAcNREeMb2G6rBt55y8MwFdJO6M5MgM5bb91exEPAkgRC6Z1g3XibGVMoWCSxhmm4mGmPE+60LD0JAFoFvp5IMhPTFKh/qRMhUinai/J1IWaD0IPNMZMOzpeW8s/uc1EvQvWqkI4wQh5NNFfiIpRnQcB+0IBRzlwBDGlTC3Ut5jinE0oWVNCO78y4ukWsi7Z/nibTFXKs7iyJAjckxOiUvOSYnckDKpEE5G5Jm8kjfryXqx3q2PaeuSNZs5IH9gff4A9FyV7A==</latexit>
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<latexit sha1_base64="Y97EOLuSVIvD418R64DL6vBs/vQ=">AAACKXicbVDLSgNBEJyN7/iKevQyGAQFCbvi6yh68aaiiYFsCLOTTjI4O7vM9Kph2Z/wN/wBr/oH3tSr4Hc4eSAaLWgoqrrp7gpiKQy67puTGxufmJyansnPzs0vLBaWlismSjSHMo9kpKsBMyCFgjIKlFCNNbAwkHAVXB/3/Ksb0EZE6hK7MdRD1laiJThDKzUKW37IsMOZTC+yho9wh+ltJ6O+ESH9tk6zDc91N2mjUHRLbh/0L/GGpEiGOGsUPv1mxJMQFHLJjKl5boz1lGkUXEKW9xMDMePXrA01SxULwdTT/lcZXbdKk7YibUsh7as/J1IWGtMNA9vZO9SMej3xP6+WYOugngoVJwiKDxa1Ekkxor2IaFNo4Ci7ljCuhb2V8g7TjKMN8tcWzhQHmeVtMN5oDH9JZbvk7ZV2z3eKh0fDiKbJKlkjG8Qj++SQnJAzUiac3JNH8kSenQfnxXl13getOWc4s0J+wfn4Akzzpv4=</latexit>

Swh ⇠ O(100) when
<latexit sha1_base64="hGOyQjd3ALHwm0v1qOX1XpUtETY=">AAACHnicbVC7TsNAEDzzJrwMlDQHERJVZCMIlAgKKEEiASkO0fmyJqecz9bdGhFZrvkNfoAW/oAO0cIP8B1cQgoSGGml0cyudnfCVAqDnvfpTExOTc/Mzs2XFhaXllfc1bW6STLNocYTmejrkBmQQkENBUq4TjWwOJRwFXZP+v7VHWgjEnWJvRSaMbtVIhKcoZVa7mbUyllBAwnGGBFT37vJ/WoRINxjTk+hXrTcslfxBqB/iT8kZTLEecv9CtoJz2JQyCUzpuF7KTZzplFwCUUpyAykjHfZLTQsVSwG08wHrxR02yptGiXalkI6UH9P5Cw2pheHtjNm2DHjXl/8z2tkGB02c6HSDEHxn0VRJikmtJ8LbQsNHGXPEsa1sLdS3mGacbTpjWzhTHGQRckG44/H8JfUdyt+tbJ/sVc+Oh5GNEc2yBbZIT45IEfkjJyTGuHkgTyRZ/LiPDqvzpvz/tM64Qxn1skInI9vWQuiZw==</latexit>

fa . 1016 GeV
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fa = 1016 GeV
<latexit sha1_base64="WXivBly+m6rhsLAmCwRoaJkvQ9U=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzAjcbkIAQ96jGAWSGLo6dQkTXoWumvEMCQXf8WLB0W8+hfe/Bs7y0ETHxQ83quiqp4XS6HRcb6thcWl5ZXVzFp2fWNza9ve2a3oKFEcyjySkap5TIMUIZRRoIRarIAFnoSq17sa+dUHUFpE4R32Y2gGrBMKX3CGRmrZ+36L0UvqOvepezoYNhAeMb2GyqBl55y8MwadJ+6U5MgUpZb91WhHPAkgRC6Z1nXXibGZMoWCSxhkG4mGmPEe60Dd0JAFoJvp+IMBPTJKm/qRMhUiHau/J1IWaN0PPNMZMOzqWW8k/ufVE/QvmqkI4wQh5JNFfiIpRnQUB20LBRxl3xDGlTC3Ut5linE0oWVNCO7sy/OkcpJ3z/KF20KuWJjGkSEH5JAcE5eckyK5ISVSJpwMyTN5JW/Wk/VivVsfk9YFazqzR/7A+vwB+QyV7w==</latexit>

fa = 1015 GeV
<latexit sha1_base64="CaxSxIEkukLdyIL+FgodQwdzLc4=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzATgnoRAh70GMEskMTQ06lJmvQsdNeIYUgu/ooXD4p49S+8+Td2loMmPih4vFdFVT0vlkKj43xbS8srq2vrmY3s5tb2zq69t1/VUaI4VHgkI1X3mAYpQqigQAn1WAELPAk1r3819msPoLSIwjscxNAKWDcUvuAMjdS2D/02o5fUde5TtzAcNREeMb2G6rBt55y8MwFdJO6M5MgM5bb91exEPAkgRC6Z1g3XibGVMoWCSxhmm4mGmPE+60LD0JAFoFvp5IMhPTFKh/qRMhUinai/J1IWaD0IPNMZMOzpeW8s/uc1EvQvWqkI4wQh5NNFfiIpRnQcB+0IBRzlwBDGlTC3Ut5jinE0oWVNCO78y4ukWsi7Z/nibTFXKs7iyJAjckxOiUvOSYnckDKpEE5G5Jm8kjfryXqx3q2PaeuSNZs5IH9gff4A9FyV7A==</latexit>
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But, this conclusion will alter heavily with the structure of the theory!
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<latexit sha1_base64="hGOyQjd3ALHwm0v1qOX1XpUtETY=">AAACHnicbVC7TsNAEDzzJrwMlDQHERJVZCMIlAgKKEEiASkO0fmyJqecz9bdGhFZrvkNfoAW/oAO0cIP8B1cQgoSGGml0cyudnfCVAqDnvfpTExOTc/Mzs2XFhaXllfc1bW6STLNocYTmejrkBmQQkENBUq4TjWwOJRwFXZP+v7VHWgjEnWJvRSaMbtVIhKcoZVa7mbUyllBAwnGGBFT37vJ/WoRINxjTk+hXrTcslfxBqB/iT8kZTLEecv9CtoJz2JQyCUzpuF7KTZzplFwCUUpyAykjHfZLTQsVSwG08wHrxR02yptGiXalkI6UH9P5Cw2pheHtjNm2DHjXl/8z2tkGB02c6HSDEHxn0VRJikmtJ8LbQsNHGXPEsa1sLdS3mGacbTpjWzhTHGQRckG44/H8JfUdyt+tbJ/sVc+Oh5GNEc2yBbZIT45IEfkjJyTGuHkgTyRZ/LiPDqvzpvz/tM64Qxn1skInI9vWQuiZw==</latexit>

fa . 1016 GeV
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Axion Wormholes - Generalization
Generic scenarios contain a mixture of scalars and axions  

Example) Dynamical Radial Mode 
<latexit sha1_base64="coufkRJ6T3NgyBQFzI0gmSSvJ/M="></latexit>

�(x) =
�(x)p

2
ei✓(x)

<latexit sha1_base64="u2qTLYEFfsSAsg19dnCvVqnn89M="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
(@µ�)

2 +
1

2
�2(@µ✓)

2 + ...

◆

<latexit sha1_base64="PQOt1mC3+eIKJSrdoN6s7YMgJ1I="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
gµ⌫G↵�(�)@µ�

↵@⌫�
� +

1

2
gµ⌫(F 2(�))IJ@µ✓

I@⌫✓
J

◆
[R. Kallosh, et.al. (1995)]
[A. Hebecker, T. Mikhail, P. Soler, (2018)]

[N.Arkani-Hamed, J. Orgera, J. Polchinski, (2007)]
[ J. Alvey, M. Escudero, (2020)]…

<latexit sha1_base64="+b6x5QTfCVgIuiO2xiUMt7RGmX0=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5gHJEmYnnWTI7OwyMyuEJTd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprsriAXXxnW/nZXVtfWNzdxWfntnd2+/cHBY11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwbuI3nlBpHslHM4rRD2lf8h5n1FipUS+14wE/6xSKbtmdgiwTLyNFyFDtFH7a3YglIUrDBNW65bmx8VOqDGcCx/l2ojGmbEj72LJU0hC1n07PHZNTq3RJL1K2pCFT9e9ESkOtR2FgO0NqBnrRm4j/ea3E9G78lMs4MSjZbFEvEcREZPI76XKFzIiRJZQpbm8lbEAVZcYmNLeFUclQjPM2GG8xhmVSPy97V+XLh4ti5TaLKAfHcAIl8OAaKnAPVagBgyG8wCu8Oc/Ou/PhfM5aV5xs5gjm4Hz9Arial2M=</latexit>

V (�)
<latexit sha1_base64="su0Ln8bkJR7m9HF6CUObh8Hr0ns="></latexit>

�

4

�
�2 � f2

a

�2
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Axion Wormholes - Generalization
Generic scenarios contain a mixture of scalars and axions  

Example) Dynamical Radial Mode 
<latexit sha1_base64="coufkRJ6T3NgyBQFzI0gmSSvJ/M="></latexit>

�(x) =
�(x)p

2
ei✓(x)

<latexit sha1_base64="u2qTLYEFfsSAsg19dnCvVqnn89M="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
(@µ�)

2 +
1

2
�2(@µ✓)

2 + ...

◆

<latexit sha1_base64="EXUZnMJjgmnQosoLqsZ5JvNA+FI=">AAAB/HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswOvTBhdnYzM2tCCP6AV/0Db8ar/+IP+B0OsAcBK+mkUtWd7q4gEVwb1/12cmvrG5tb+e3Czu7e/kHx8Kih41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+H91G8+odI8lo9mlKAf0b7kIWfUWKmmusWSW3ZnIKvEy0gJMlS7xZ9OL2ZphNIwQbVue25i/DFVhjOBk0In1ZhQNqR9bFsqaYTaH88OnZAzq/RIGCtb0pCZ+ndiTCOtR1FgOyNqBnrZm4r/ee3UhLf+mMskNSjZfFGYCmJiMv2a9LhCZsTIEsoUt7cSNqCKMmOzWdjCqGQoJgUbjLccwyppXJS96/JV7bJUucsiysMJnMI5eHADFXiAKtSBAcILvMKb8+y8Ox/O57w152Qzx7AA5+sX7PuVVQ==</latexit>r

<latexit sha1_base64="VVs2oUU0gYS7hmPBRceXP6KLbEA=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymR60wydTMLMRCihC3/Arf6BO3Hrp/gDfoeTNgvbeuDC4Zx7ufceP+FMacf5tkorq2vrG+XNytb2zu5edf+greJUUmzRmMey4xOFnAlsaaY5dhKJJPI5Pvqj29x/fEKpWCwe9DhBLyJDwQJGic6lXhKyfrXm1J0p7GXiFqQGBZr96k9vENM0QqEpJ0p1XSfRXkakZpTjpNJLFSaEjsgQu4YKEqHysumtE/vEKAM7iKUpoe2p+nciI5FS48g3nRHRoVr0cvE/r5vq4NrLmEhSjYLOFgUpt3Vs54/bAyaRaj42hFDJzK02DYkkVJt45rZQIijyScUE4y7GsEzaZ3X3sn5xf15r3BQRleEIjuEUXLiCBtxBE1pAIYQXeIU369l6tz6sz1lrySpmDmEO1tcvOvqWng==</latexit>

�

<latexit sha1_base64="SOjmyvkSUi4o78H3EnFoOKBm2gA=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6ceGigmkLbSiT6W07dDIJMxOhhGz8Abf6B+7ErX/iD/gdTtssbOuBC4dz7uXee4KYM6Ud59sqrKyurW8UN0tb2zu7e+X9g4aKEknRoxGPZCsgCjkT6GmmObZiiSQMODaD0e3Ebz6hVCwSj3ocox+SgWB9Rok2knffTZ2sW644VWcKe5m4OalAjnq3/NPpRTQJUWjKiVJt14m1nxKpGeWYlTqJwpjQERlg21BBQlR+Oj02s0+M0rP7kTQltD1V/06kJFRqHAamMyR6qBa9ifif1050/9pPmYgTjYLOFvUTbuvInnxu95hEqvnYEEIlM7fadEgkodrkM7eFEkGRZyUTjLsYwzJpnFXdy+rFw3mldpNHVIQjOIZTcOEKanAHdfCAAoMXeIU369l6tz6sz1lrwcpnDmEO1tcvtx+W3g==</latexit>

L0

<latexit sha1_base64="JolMtf9oPkJQtckOYfzdTqWCzCE=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1EIbys100g6dTMLMRCghG3/Arf6BO3Hrn/gDfofTNgvbeuDC4Zx7ufeeIOFMacf5tkorq2vrG+XNytb2zu5edf+gpeJUEuqRmMeyHaCinAnqaaY5bSeSYhRw+hiMbif+4xOVisXiQY8T6kc4ECxkBLWRvLCXYd6r1py6M4W9TNyC1KBAs1f96fZjkkZUaMJRqY7rJNrPUGpGOM0r3VTRBMkIB7RjqMCIKj+bHpvbJ0bp22EsTQltT9W/ExlGSo2jwHRGqIdq0ZuI/3mdVIfXfsZEkmoqyGxRmHJbx/bkc7vPJCWajw1BIpm51SZDlEi0yWduC0FBKM8rJhh3MYZl0jqru5f1i/vzWuOmiKgMR3AMp+DCFTTgDprgAQEGL/AKb9az9W59WJ+z1pJVzBzCHKyvXy9Plyk=</latexit>

fa

<latexit sha1_base64="PQOt1mC3+eIKJSrdoN6s7YMgJ1I="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
gµ⌫G↵�(�)@µ�

↵@⌫�
� +

1

2
gµ⌫(F 2(�))IJ@µ✓

I@⌫✓
J

◆
[R. Kallosh, et.al. (1995)]
[A. Hebecker, T. Mikhail, P. Soler, (2018)]

[N.Arkani-Hamed, J. Orgera, J. Polchinski, (2007)]
[ J. Alvey, M. Escudero, (2020)]…

<latexit sha1_base64="+b6x5QTfCVgIuiO2xiUMt7RGmX0=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5gHJEmYnnWTI7OwyMyuEJTd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprsriAXXxnW/nZXVtfWNzdxWfntnd2+/cHBY11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwbuI3nlBpHslHM4rRD2lf8h5n1FipUS+14wE/6xSKbtmdgiwTLyNFyFDtFH7a3YglIUrDBNW65bmx8VOqDGcCx/l2ojGmbEj72LJU0hC1n07PHZNTq3RJL1K2pCFT9e9ESkOtR2FgO0NqBnrRm4j/ea3E9G78lMs4MSjZbFEvEcREZPI76XKFzIiRJZQpbm8lbEAVZcYmNLeFUclQjPM2GG8xhmVSPy97V+XLh4ti5TaLKAfHcAIl8OAaKnAPVagBgyG8wCu8Oc/Ou/PhfM5aV5xs5gjm4Hz9Arial2M=</latexit>

V (�)
<latexit sha1_base64="su0Ln8bkJR7m9HF6CUObh8Hr0ns="></latexit>

�

4

�
�2 � f2

a

�2
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Axion Wormholes - Generalization
Generic scenarios contain a mixture of scalars and axions  

Example) Dynamical Radial Mode 
<latexit sha1_base64="coufkRJ6T3NgyBQFzI0gmSSvJ/M="></latexit>

�(x) =
�(x)p

2
ei✓(x)

<latexit sha1_base64="u2qTLYEFfsSAsg19dnCvVqnn89M="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
(@µ�)

2 +
1

2
�2(@µ✓)

2 + ...

◆

<latexit sha1_base64="EXUZnMJjgmnQosoLqsZ5JvNA+FI=">AAAB/HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswOvTBhdnYzM2tCCP6AV/0Db8ar/+IP+B0OsAcBK+mkUtWd7q4gEVwb1/12cmvrG5tb+e3Czu7e/kHx8Kih41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+H91G8+odI8lo9mlKAf0b7kIWfUWKmmusWSW3ZnIKvEy0gJMlS7xZ9OL2ZphNIwQbVue25i/DFVhjOBk0In1ZhQNqR9bFsqaYTaH88OnZAzq/RIGCtb0pCZ+ndiTCOtR1FgOyNqBnrZm4r/ee3UhLf+mMskNSjZfFGYCmJiMv2a9LhCZsTIEsoUt7cSNqCKMmOzWdjCqGQoJgUbjLccwyppXJS96/JV7bJUucsiysMJnMI5eHADFXiAKtSBAcILvMKb8+y8Ox/O57w152Qzx7AA5+sX7PuVVQ==</latexit>r

<latexit sha1_base64="VVs2oUU0gYS7hmPBRceXP6KLbEA=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymR60wydTMLMRCihC3/Arf6BO3Hrp/gDfoeTNgvbeuDC4Zx7ufceP+FMacf5tkorq2vrG+XNytb2zu5edf+greJUUmzRmMey4xOFnAlsaaY5dhKJJPI5Pvqj29x/fEKpWCwe9DhBLyJDwQJGic6lXhKyfrXm1J0p7GXiFqQGBZr96k9vENM0QqEpJ0p1XSfRXkakZpTjpNJLFSaEjsgQu4YKEqHysumtE/vEKAM7iKUpoe2p+nciI5FS48g3nRHRoVr0cvE/r5vq4NrLmEhSjYLOFgUpt3Vs54/bAyaRaj42hFDJzK02DYkkVJt45rZQIijyScUE4y7GsEzaZ3X3sn5xf15r3BQRleEIjuEUXLiCBtxBE1pAIYQXeIU369l6tz6sz1lrySpmDmEO1tcvOvqWng==</latexit>

�

<latexit sha1_base64="SOjmyvkSUi4o78H3EnFoOKBm2gA=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6ceGigmkLbSiT6W07dDIJMxOhhGz8Abf6B+7ErX/iD/gdTtssbOuBC4dz7uXee4KYM6Ud59sqrKyurW8UN0tb2zu7e+X9g4aKEknRoxGPZCsgCjkT6GmmObZiiSQMODaD0e3Ebz6hVCwSj3ocox+SgWB9Rok2knffTZ2sW644VWcKe5m4OalAjnq3/NPpRTQJUWjKiVJt14m1nxKpGeWYlTqJwpjQERlg21BBQlR+Oj02s0+M0rP7kTQltD1V/06kJFRqHAamMyR6qBa9ifif1050/9pPmYgTjYLOFvUTbuvInnxu95hEqvnYEEIlM7fadEgkodrkM7eFEkGRZyUTjLsYwzJpnFXdy+rFw3mldpNHVIQjOIZTcOEKanAHdfCAAoMXeIU369l6tz6sz1lrwcpnDmEO1tcvtx+W3g==</latexit>

L0

<latexit sha1_base64="JolMtf9oPkJQtckOYfzdTqWCzCE=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1EIbys100g6dTMLMRCghG3/Arf6BO3Hrn/gDfofTNgvbeuDC4Zx7ufeeIOFMacf5tkorq2vrG+XNytb2zu5edf+gpeJUEuqRmMeyHaCinAnqaaY5bSeSYhRw+hiMbif+4xOVisXiQY8T6kc4ECxkBLWRvLCXYd6r1py6M4W9TNyC1KBAs1f96fZjkkZUaMJRqY7rJNrPUGpGOM0r3VTRBMkIB7RjqMCIKj+bHpvbJ0bp22EsTQltT9W/ExlGSo2jwHRGqIdq0ZuI/3mdVIfXfsZEkmoqyGxRmHJbx/bkc7vPJCWajw1BIpm51SZDlEi0yWduC0FBKM8rJhh3MYZl0jqru5f1i/vzWuOmiKgMR3AMp+DCFTTgDprgAQEGL/AKb9az9W59WJ+z1pJVzBzCHKyvXy9Plyk=</latexit>

fa

<latexit sha1_base64="PQOt1mC3+eIKJSrdoN6s7YMgJ1I="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
gµ⌫G↵�(�)@µ�

↵@⌫�
� +

1

2
gµ⌫(F 2(�))IJ@µ✓

I@⌫✓
J

◆
[R. Kallosh, et.al. (1995)]
[A. Hebecker, T. Mikhail, P. Soler, (2018)]

[N.Arkani-Hamed, J. Orgera, J. Polchinski, (2007)]
[ J. Alvey, M. Escudero, (2020)]…

<latexit sha1_base64="+b6x5QTfCVgIuiO2xiUMt7RGmX0=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5gHJEmYnnWTI7OwyMyuEJTd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprsriAXXxnW/nZXVtfWNzdxWfntnd2+/cHBY11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwbuI3nlBpHslHM4rRD2lf8h5n1FipUS+14wE/6xSKbtmdgiwTLyNFyFDtFH7a3YglIUrDBNW65bmx8VOqDGcCx/l2ojGmbEj72LJU0hC1n07PHZNTq3RJL1K2pCFT9e9ESkOtR2FgO0NqBnrRm4j/ea3E9G78lMs4MSjZbFEvEcREZPI76XKFzIiRJZQpbm8lbEAVZcYmNLeFUclQjPM2GG8xhmVSPy97V+XLh4ti5TaLKAfHcAIl8OAaKnAPVagBgyG8wCu8Oc/Ou/PhfM5aV5xs5gjm4Hz9Arial2M=</latexit>

V (�)
<latexit sha1_base64="su0Ln8bkJR7m9HF6CUObh8Hr0ns="></latexit>

�

4

�
�2 � f2

a

�2
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Axion Wormholes - Generalization
Generic scenarios contain a mixture of scalars and axions  

Example) Dynamical Radial Mode 
<latexit sha1_base64="coufkRJ6T3NgyBQFzI0gmSSvJ/M="></latexit>

�(x) =
�(x)p

2
ei✓(x)

<latexit sha1_base64="u2qTLYEFfsSAsg19dnCvVqnn89M="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
(@µ�)

2 +
1

2
�2(@µ✓)

2 + ...

◆

<latexit sha1_base64="EXUZnMJjgmnQosoLqsZ5JvNA+FI=">AAAB/HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswOvTBhdnYzM2tCCP6AV/0Db8ar/+IP+B0OsAcBK+mkUtWd7q4gEVwb1/12cmvrG5tb+e3Czu7e/kHx8Kih41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+H91G8+odI8lo9mlKAf0b7kIWfUWKmmusWSW3ZnIKvEy0gJMlS7xZ9OL2ZphNIwQbVue25i/DFVhjOBk0In1ZhQNqR9bFsqaYTaH88OnZAzq/RIGCtb0pCZ+ndiTCOtR1FgOyNqBnrZm4r/ee3UhLf+mMskNSjZfFGYCmJiMv2a9LhCZsTIEsoUt7cSNqCKMmOzWdjCqGQoJgUbjLccwyppXJS96/JV7bJUucsiysMJnMI5eHADFXiAKtSBAcILvMKb8+y8Ox/O57w152Qzx7AA5+sX7PuVVQ==</latexit>r

<latexit sha1_base64="VVs2oUU0gYS7hmPBRceXP6KLbEA=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymR60wydTMLMRCihC3/Arf6BO3Hrp/gDfoeTNgvbeuDC4Zx7ufceP+FMacf5tkorq2vrG+XNytb2zu5edf+greJUUmzRmMey4xOFnAlsaaY5dhKJJPI5Pvqj29x/fEKpWCwe9DhBLyJDwQJGic6lXhKyfrXm1J0p7GXiFqQGBZr96k9vENM0QqEpJ0p1XSfRXkakZpTjpNJLFSaEjsgQu4YKEqHysumtE/vEKAM7iKUpoe2p+nciI5FS48g3nRHRoVr0cvE/r5vq4NrLmEhSjYLOFgUpt3Vs54/bAyaRaj42hFDJzK02DYkkVJt45rZQIijyScUE4y7GsEzaZ3X3sn5xf15r3BQRleEIjuEUXLiCBtxBE1pAIYQXeIU369l6tz6sz1lrySpmDmEO1tcvOvqWng==</latexit>

�

<latexit sha1_base64="SOjmyvkSUi4o78H3EnFoOKBm2gA=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6ceGigmkLbSiT6W07dDIJMxOhhGz8Abf6B+7ErX/iD/gdTtssbOuBC4dz7uXee4KYM6Ud59sqrKyurW8UN0tb2zu7e+X9g4aKEknRoxGPZCsgCjkT6GmmObZiiSQMODaD0e3Ebz6hVCwSj3ocox+SgWB9Rok2knffTZ2sW644VWcKe5m4OalAjnq3/NPpRTQJUWjKiVJt14m1nxKpGeWYlTqJwpjQERlg21BBQlR+Oj02s0+M0rP7kTQltD1V/06kJFRqHAamMyR6qBa9ifif1050/9pPmYgTjYLOFvUTbuvInnxu95hEqvnYEEIlM7fadEgkodrkM7eFEkGRZyUTjLsYwzJpnFXdy+rFw3mldpNHVIQjOIZTcOEKanAHdfCAAoMXeIU369l6tz6sz1lrwcpnDmEO1tcvtx+W3g==</latexit>

L0

<latexit sha1_base64="JolMtf9oPkJQtckOYfzdTqWCzCE=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1EIbys100g6dTMLMRCghG3/Arf6BO3Hrn/gDfofTNgvbeuDC4Zx7ufeeIOFMacf5tkorq2vrG+XNytb2zu5edf+gpeJUEuqRmMeyHaCinAnqaaY5bSeSYhRw+hiMbif+4xOVisXiQY8T6kc4ECxkBLWRvLCXYd6r1py6M4W9TNyC1KBAs1f96fZjkkZUaMJRqY7rJNrPUGpGOM0r3VTRBMkIB7RjqMCIKj+bHpvbJ0bp22EsTQltT9W/ExlGSo2jwHRGqIdq0ZuI/3mdVIfXfsZEkmoqyGxRmHJbx/bkc7vPJCWajw1BIpm51SZDlEi0yWduC0FBKM8rJhh3MYZl0jqru5f1i/vzWuOmiKgMR3AMp+DCFTTgDprgAQEGL/AKb9az9W59WJ+z1pJVzBzCHKyvXy9Plyk=</latexit>

fa

<latexit sha1_base64="lymlnpbbbglLLrU/lw1mtv8vGx0=">AAACDXicbZDLSsNAFIYnXmu9RV26GSyCq5KIt41QdOOygr1AG8pketIOnUzCzKRQQp7BF3Crb+BO3PoMvoDP4aTNwrb+cODjP+dwDr8fc6a043xbK6tr6xubpa3y9s7u3r59cNhUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/ug+77fGIBWLxJOexOCFZCBYwCjRxurZdtBLnQzf4m48ZDn27IpTdabCy+AWUEGF6j37p9uPaBKC0JQTpTquE2svJVIzyiErdxMFMaEjMoCOQUFCUF46/TzDp8bp4yCSpoTGU/fvRkpCpSahbyZDoodqsZeb//U6iQ5uvJSJONEg6OxQkHCsI5zHgPtMAtV8YoBQycyvmA6JJFSbsOauUCIo8KxsgnEXY1iG5nnVvapePl5UandFRCV0jE7QGXLRNaqhB1RHDUTRGL2gV/RmPVvv1of1ORtdsYqdIzQn6+sX4FybOA==</latexit>

f0 = �0

<latexit sha1_base64="PQOt1mC3+eIKJSrdoN6s7YMgJ1I="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
gµ⌫G↵�(�)@µ�

↵@⌫�
� +

1

2
gµ⌫(F 2(�))IJ@µ✓

I@⌫✓
J

◆
[R. Kallosh, et.al. (1995)]
[A. Hebecker, T. Mikhail, P. Soler, (2018)]

[N.Arkani-Hamed, J. Orgera, J. Polchinski, (2007)]
[ J. Alvey, M. Escudero, (2020)]…

<latexit sha1_base64="+b6x5QTfCVgIuiO2xiUMt7RGmX0=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5gHJEmYnnWTI7OwyMyuEJTd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprsriAXXxnW/nZXVtfWNzdxWfntnd2+/cHBY11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwbuI3nlBpHslHM4rRD2lf8h5n1FipUS+14wE/6xSKbtmdgiwTLyNFyFDtFH7a3YglIUrDBNW65bmx8VOqDGcCx/l2ojGmbEj72LJU0hC1n07PHZNTq3RJL1K2pCFT9e9ESkOtR2FgO0NqBnrRm4j/ea3E9G78lMs4MSjZbFEvEcREZPI76XKFzIiRJZQpbm8lbEAVZcYmNLeFUclQjPM2GG8xhmVSPy97V+XLh4ti5TaLKAfHcAIl8OAaKnAPVagBgyG8wCu8Oc/Ou/PhfM5aV5xs5gjm4Hz9Arial2M=</latexit>

V (�)
<latexit sha1_base64="su0Ln8bkJR7m9HF6CUObh8Hr0ns="></latexit>

�

4

�
�2 � f2

a

�2
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Axion Wormholes - Generalization
Generic scenarios contain a mixture of scalars and axions  

Example) Dynamical Radial Mode 
<latexit sha1_base64="coufkRJ6T3NgyBQFzI0gmSSvJ/M="></latexit>

�(x) =
�(x)p

2
ei✓(x)

<latexit sha1_base64="u2qTLYEFfsSAsg19dnCvVqnn89M="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
(@µ�)

2 +
1

2
�2(@µ✓)

2 + ...

◆

<latexit sha1_base64="EXUZnMJjgmnQosoLqsZ5JvNA+FI=">AAAB/HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswOvTBhdnYzM2tCCP6AV/0Db8ar/+IP+B0OsAcBK+mkUtWd7q4gEVwb1/12cmvrG5tb+e3Czu7e/kHx8Kih41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+H91G8+odI8lo9mlKAf0b7kIWfUWKmmusWSW3ZnIKvEy0gJMlS7xZ9OL2ZphNIwQbVue25i/DFVhjOBk0In1ZhQNqR9bFsqaYTaH88OnZAzq/RIGCtb0pCZ+ndiTCOtR1FgOyNqBnrZm4r/ee3UhLf+mMskNSjZfFGYCmJiMv2a9LhCZsTIEsoUt7cSNqCKMmOzWdjCqGQoJgUbjLccwyppXJS96/JV7bJUucsiysMJnMI5eHADFXiAKtSBAcILvMKb8+y8Ox/O57w152Qzx7AA5+sX7PuVVQ==</latexit>r

<latexit sha1_base64="VVs2oUU0gYS7hmPBRceXP6KLbEA=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymR60wydTMLMRCihC3/Arf6BO3Hrp/gDfoeTNgvbeuDC4Zx7ufceP+FMacf5tkorq2vrG+XNytb2zu5edf+greJUUmzRmMey4xOFnAlsaaY5dhKJJPI5Pvqj29x/fEKpWCwe9DhBLyJDwQJGic6lXhKyfrXm1J0p7GXiFqQGBZr96k9vENM0QqEpJ0p1XSfRXkakZpTjpNJLFSaEjsgQu4YKEqHysumtE/vEKAM7iKUpoe2p+nciI5FS48g3nRHRoVr0cvE/r5vq4NrLmEhSjYLOFgUpt3Vs54/bAyaRaj42hFDJzK02DYkkVJt45rZQIijyScUE4y7GsEzaZ3X3sn5xf15r3BQRleEIjuEUXLiCBtxBE1pAIYQXeIU369l6tz6sz1lrySpmDmEO1tcvOvqWng==</latexit>

�

<latexit sha1_base64="SOjmyvkSUi4o78H3EnFoOKBm2gA=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6ceGigmkLbSiT6W07dDIJMxOhhGz8Abf6B+7ErX/iD/gdTtssbOuBC4dz7uXee4KYM6Ud59sqrKyurW8UN0tb2zu7e+X9g4aKEknRoxGPZCsgCjkT6GmmObZiiSQMODaD0e3Ebz6hVCwSj3ocox+SgWB9Rok2knffTZ2sW644VWcKe5m4OalAjnq3/NPpRTQJUWjKiVJt14m1nxKpGeWYlTqJwpjQERlg21BBQlR+Oj02s0+M0rP7kTQltD1V/06kJFRqHAamMyR6qBa9ifif1050/9pPmYgTjYLOFvUTbuvInnxu95hEqvnYEEIlM7fadEgkodrkM7eFEkGRZyUTjLsYwzJpnFXdy+rFw3mldpNHVIQjOIZTcOEKanAHdfCAAoMXeIU369l6tz6sz1lrwcpnDmEO1tcvtx+W3g==</latexit>

L0

<latexit sha1_base64="JolMtf9oPkJQtckOYfzdTqWCzCE=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1EIbys100g6dTMLMRCghG3/Arf6BO3Hrn/gDfofTNgvbeuDC4Zx7ufeeIOFMacf5tkorq2vrG+XNytb2zu5edf+gpeJUEuqRmMeyHaCinAnqaaY5bSeSYhRw+hiMbif+4xOVisXiQY8T6kc4ECxkBLWRvLCXYd6r1py6M4W9TNyC1KBAs1f96fZjkkZUaMJRqY7rJNrPUGpGOM0r3VTRBMkIB7RjqMCIKj+bHpvbJ0bp22EsTQltT9W/ExlGSo2jwHRGqIdq0ZuI/3mdVIfXfsZEkmoqyGxRmHJbx/bkc7vPJCWajw1BIpm51SZDlEi0yWduC0FBKM8rJhh3MYZl0jqru5f1i/vzWuOmiKgMR3AMp+DCFTTgDprgAQEGL/AKb9az9W59WJ+z1pJVzBzCHKyvXy9Plyk=</latexit>

fa

<latexit sha1_base64="lymlnpbbbglLLrU/lw1mtv8vGx0=">AAACDXicbZDLSsNAFIYnXmu9RV26GSyCq5KIt41QdOOygr1AG8pketIOnUzCzKRQQp7BF3Crb+BO3PoMvoDP4aTNwrb+cODjP+dwDr8fc6a043xbK6tr6xubpa3y9s7u3r59cNhUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/ug+77fGIBWLxJOexOCFZCBYwCjRxurZdtBLnQzf4m48ZDn27IpTdabCy+AWUEGF6j37p9uPaBKC0JQTpTquE2svJVIzyiErdxMFMaEjMoCOQUFCUF46/TzDp8bp4yCSpoTGU/fvRkpCpSahbyZDoodqsZeb//U6iQ5uvJSJONEg6OxQkHCsI5zHgPtMAtV8YoBQycyvmA6JJFSbsOauUCIo8KxsgnEXY1iG5nnVvapePl5UandFRCV0jE7QGXLRNaqhB1RHDUTRGL2gV/RmPVvv1of1ORtdsYqdIzQn6+sX4FybOA==</latexit>

f0 = �0 <latexit sha1_base64="F2qBVZNcYHxroDSGuEuAQ0QrMxg="></latexit>

LGSL
0 ⇠ 1p

MP fa

<latexit sha1_base64="f0F7CgqXjpDK3ekEuJRkuU+6jdk="></latexit>

SGSL
wh ⇠ MP

fa

<latexit sha1_base64="PQOt1mC3+eIKJSrdoN6s7YMgJ1I="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
gµ⌫G↵�(�)@µ�

↵@⌫�
� +

1

2
gµ⌫(F 2(�))IJ@µ✓

I@⌫✓
J

◆
[R. Kallosh, et.al. (1995)]
[A. Hebecker, T. Mikhail, P. Soler, (2018)]

[N.Arkani-Hamed, J. Orgera, J. Polchinski, (2007)]
[ J. Alvey, M. Escudero, (2020)]…

<latexit sha1_base64="+b6x5QTfCVgIuiO2xiUMt7RGmX0=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5gHJEmYnnWTI7OwyMyuEJTd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprsriAXXxnW/nZXVtfWNzdxWfntnd2+/cHBY11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwbuI3nlBpHslHM4rRD2lf8h5n1FipUS+14wE/6xSKbtmdgiwTLyNFyFDtFH7a3YglIUrDBNW65bmx8VOqDGcCx/l2ojGmbEj72LJU0hC1n07PHZNTq3RJL1K2pCFT9e9ESkOtR2FgO0NqBnrRm4j/ea3E9G78lMs4MSjZbFEvEcREZPI76XKFzIiRJZQpbm8lbEAVZcYmNLeFUclQjPM2GG8xhmVSPy97V+XLh4ti5TaLKAfHcAIl8OAaKnAPVagBgyG8wCu8Oc/Ou/PhfM5aV5xs5gjm4Hz9Arial2M=</latexit>

V (�)
<latexit sha1_base64="su0Ln8bkJR7m9HF6CUObh8Hr0ns="></latexit>

�

4

�
�2 � f2

a

�2
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Axion Wormholes - Generalization
Generic scenarios contain a mixture of scalars and axions  

Example) Dynamical Radial Mode 
<latexit sha1_base64="coufkRJ6T3NgyBQFzI0gmSSvJ/M="></latexit>

�(x) =
�(x)p

2
ei✓(x)

<latexit sha1_base64="u2qTLYEFfsSAsg19dnCvVqnn89M="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
(@µ�)

2 +
1

2
�2(@µ✓)

2 + ...

◆

<latexit sha1_base64="EXUZnMJjgmnQosoLqsZ5JvNA+FI=">AAAB/HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswOvTBhdnYzM2tCCP6AV/0Db8ar/+IP+B0OsAcBK+mkUtWd7q4gEVwb1/12cmvrG5tb+e3Czu7e/kHx8Kih41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+H91G8+odI8lo9mlKAf0b7kIWfUWKmmusWSW3ZnIKvEy0gJMlS7xZ9OL2ZphNIwQbVue25i/DFVhjOBk0In1ZhQNqR9bFsqaYTaH88OnZAzq/RIGCtb0pCZ+ndiTCOtR1FgOyNqBnrZm4r/ee3UhLf+mMskNSjZfFGYCmJiMv2a9LhCZsTIEsoUt7cSNqCKMmOzWdjCqGQoJgUbjLccwyppXJS96/JV7bJUucsiysMJnMI5eHADFXiAKtSBAcILvMKb8+y8Ox/O57w152Qzx7AA5+sX7PuVVQ==</latexit>r

<latexit sha1_base64="VVs2oUU0gYS7hmPBRceXP6KLbEA=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymR60wydTMLMRCihC3/Arf6BO3Hrp/gDfoeTNgvbeuDC4Zx7ufceP+FMacf5tkorq2vrG+XNytb2zu5edf+greJUUmzRmMey4xOFnAlsaaY5dhKJJPI5Pvqj29x/fEKpWCwe9DhBLyJDwQJGic6lXhKyfrXm1J0p7GXiFqQGBZr96k9vENM0QqEpJ0p1XSfRXkakZpTjpNJLFSaEjsgQu4YKEqHysumtE/vEKAM7iKUpoe2p+nciI5FS48g3nRHRoVr0cvE/r5vq4NrLmEhSjYLOFgUpt3Vs54/bAyaRaj42hFDJzK02DYkkVJt45rZQIijyScUE4y7GsEzaZ3X3sn5xf15r3BQRleEIjuEUXLiCBtxBE1pAIYQXeIU369l6tz6sz1lrySpmDmEO1tcvOvqWng==</latexit>

�

<latexit sha1_base64="SOjmyvkSUi4o78H3EnFoOKBm2gA=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6ceGigmkLbSiT6W07dDIJMxOhhGz8Abf6B+7ErX/iD/gdTtssbOuBC4dz7uXee4KYM6Ud59sqrKyurW8UN0tb2zu7e+X9g4aKEknRoxGPZCsgCjkT6GmmObZiiSQMODaD0e3Ebz6hVCwSj3ocox+SgWB9Rok2knffTZ2sW644VWcKe5m4OalAjnq3/NPpRTQJUWjKiVJt14m1nxKpGeWYlTqJwpjQERlg21BBQlR+Oj02s0+M0rP7kTQltD1V/06kJFRqHAamMyR6qBa9ifif1050/9pPmYgTjYLOFvUTbuvInnxu95hEqvnYEEIlM7fadEgkodrkM7eFEkGRZyUTjLsYwzJpnFXdy+rFw3mldpNHVIQjOIZTcOEKanAHdfCAAoMXeIU369l6tz6sz1lrwcpnDmEO1tcvtx+W3g==</latexit>

L0

<latexit sha1_base64="JolMtf9oPkJQtckOYfzdTqWCzCE=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1EIbys100g6dTMLMRCghG3/Arf6BO3Hrn/gDfofTNgvbeuDC4Zx7ufeeIOFMacf5tkorq2vrG+XNytb2zu5edf+gpeJUEuqRmMeyHaCinAnqaaY5bSeSYhRw+hiMbif+4xOVisXiQY8T6kc4ECxkBLWRvLCXYd6r1py6M4W9TNyC1KBAs1f96fZjkkZUaMJRqY7rJNrPUGpGOM0r3VTRBMkIB7RjqMCIKj+bHpvbJ0bp22EsTQltT9W/ExlGSo2jwHRGqIdq0ZuI/3mdVIfXfsZEkmoqyGxRmHJbx/bkc7vPJCWajw1BIpm51SZDlEi0yWduC0FBKM8rJhh3MYZl0jqru5f1i/vzWuOmiKgMR3AMp+DCFTTgDprgAQEGL/AKb9az9W59WJ+z1pJVzBzCHKyvXy9Plyk=</latexit>

fa

<latexit sha1_base64="lymlnpbbbglLLrU/lw1mtv8vGx0=">AAACDXicbZDLSsNAFIYnXmu9RV26GSyCq5KIt41QdOOygr1AG8pketIOnUzCzKRQQp7BF3Crb+BO3PoMvoDP4aTNwrb+cODjP+dwDr8fc6a043xbK6tr6xubpa3y9s7u3r59cNhUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/ug+77fGIBWLxJOexOCFZCBYwCjRxurZdtBLnQzf4m48ZDn27IpTdabCy+AWUEGF6j37p9uPaBKC0JQTpTquE2svJVIzyiErdxMFMaEjMoCOQUFCUF46/TzDp8bp4yCSpoTGU/fvRkpCpSahbyZDoodqsZeb//U6iQ5uvJSJONEg6OxQkHCsI5zHgPtMAtV8YoBQycyvmA6JJFSbsOauUCIo8KxsgnEXY1iG5nnVvapePl5UandFRCV0jE7QGXLRNaqhB1RHDUTRGL2gV/RmPVvv1of1ORtdsYqdIzQn6+sX4FybOA==</latexit>

f0 = �0

<latexit sha1_base64="fgS1jnpIlyDym9cfzEuc8SBxOzw="></latexit>

Lwh
0 ⇠ 1p

MP f0
⇠ 1p

MP

<latexit sha1_base64="F2qBVZNcYHxroDSGuEuAQ0QrMxg="></latexit>

LGSL
0 ⇠ 1p

MP fa

<latexit sha1_base64="f0F7CgqXjpDK3ekEuJRkuU+6jdk="></latexit>

SGSL
wh ⇠ MP

fa

<latexit sha1_base64="PQOt1mC3+eIKJSrdoN6s7YMgJ1I="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
gµ⌫G↵�(�)@µ�

↵@⌫�
� +

1

2
gµ⌫(F 2(�))IJ@µ✓

I@⌫✓
J

◆
[R. Kallosh, et.al. (1995)]
[A. Hebecker, T. Mikhail, P. Soler, (2018)]

[N.Arkani-Hamed, J. Orgera, J. Polchinski, (2007)]
[ J. Alvey, M. Escudero, (2020)]…

<latexit sha1_base64="+b6x5QTfCVgIuiO2xiUMt7RGmX0=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5gHJEmYnnWTI7OwyMyuEJTd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprsriAXXxnW/nZXVtfWNzdxWfntnd2+/cHBY11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwbuI3nlBpHslHM4rRD2lf8h5n1FipUS+14wE/6xSKbtmdgiwTLyNFyFDtFH7a3YglIUrDBNW65bmx8VOqDGcCx/l2ojGmbEj72LJU0hC1n07PHZNTq3RJL1K2pCFT9e9ESkOtR2FgO0NqBnrRm4j/ea3E9G78lMs4MSjZbFEvEcREZPI76XKFzIiRJZQpbm8lbEAVZcYmNLeFUclQjPM2GG8xhmVSPy97V+XLh4ti5TaLKAfHcAIl8OAaKnAPVagBgyG8wCu8Oc/Ou/PhfM5aV5xs5gjm4Hz9Arial2M=</latexit>

V (�)
<latexit sha1_base64="su0Ln8bkJR7m9HF6CUObh8Hr0ns="></latexit>

�

4

�
�2 � f2

a

�2
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Axion Wormholes - Generalization
Generic scenarios contain a mixture of scalars and axions  

Example) Dynamical Radial Mode 
<latexit sha1_base64="coufkRJ6T3NgyBQFzI0gmSSvJ/M="></latexit>

�(x) =
�(x)p

2
ei✓(x)

<latexit sha1_base64="u2qTLYEFfsSAsg19dnCvVqnn89M="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
(@µ�)

2 +
1

2
�2(@µ✓)

2 + ...

◆

<latexit sha1_base64="EXUZnMJjgmnQosoLqsZ5JvNA+FI=">AAAB/HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswOvTBhdnYzM2tCCP6AV/0Db8ar/+IP+B0OsAcBK+mkUtWd7q4gEVwb1/12cmvrG5tb+e3Czu7e/kHx8Kih41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+H91G8+odI8lo9mlKAf0b7kIWfUWKmmusWSW3ZnIKvEy0gJMlS7xZ9OL2ZphNIwQbVue25i/DFVhjOBk0In1ZhQNqR9bFsqaYTaH88OnZAzq/RIGCtb0pCZ+ndiTCOtR1FgOyNqBnrZm4r/ee3UhLf+mMskNSjZfFGYCmJiMv2a9LhCZsTIEsoUt7cSNqCKMmOzWdjCqGQoJgUbjLccwyppXJS96/JV7bJUucsiysMJnMI5eHADFXiAKtSBAcILvMKb8+y8Ox/O57w152Qzx7AA5+sX7PuVVQ==</latexit>r

<latexit sha1_base64="VVs2oUU0gYS7hmPBRceXP6KLbEA=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymR60wydTMLMRCihC3/Arf6BO3Hrp/gDfoeTNgvbeuDC4Zx7ufceP+FMacf5tkorq2vrG+XNytb2zu5edf+greJUUmzRmMey4xOFnAlsaaY5dhKJJPI5Pvqj29x/fEKpWCwe9DhBLyJDwQJGic6lXhKyfrXm1J0p7GXiFqQGBZr96k9vENM0QqEpJ0p1XSfRXkakZpTjpNJLFSaEjsgQu4YKEqHysumtE/vEKAM7iKUpoe2p+nciI5FS48g3nRHRoVr0cvE/r5vq4NrLmEhSjYLOFgUpt3Vs54/bAyaRaj42hFDJzK02DYkkVJt45rZQIijyScUE4y7GsEzaZ3X3sn5xf15r3BQRleEIjuEUXLiCBtxBE1pAIYQXeIU369l6tz6sz1lrySpmDmEO1tcvOvqWng==</latexit>

�

<latexit sha1_base64="SOjmyvkSUi4o78H3EnFoOKBm2gA=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6ceGigmkLbSiT6W07dDIJMxOhhGz8Abf6B+7ErX/iD/gdTtssbOuBC4dz7uXee4KYM6Ud59sqrKyurW8UN0tb2zu7e+X9g4aKEknRoxGPZCsgCjkT6GmmObZiiSQMODaD0e3Ebz6hVCwSj3ocox+SgWB9Rok2knffTZ2sW644VWcKe5m4OalAjnq3/NPpRTQJUWjKiVJt14m1nxKpGeWYlTqJwpjQERlg21BBQlR+Oj02s0+M0rP7kTQltD1V/06kJFRqHAamMyR6qBa9ifif1050/9pPmYgTjYLOFvUTbuvInnxu95hEqvnYEEIlM7fadEgkodrkM7eFEkGRZyUTjLsYwzJpnFXdy+rFw3mldpNHVIQjOIZTcOEKanAHdfCAAoMXeIU369l6tz6sz1lrwcpnDmEO1tcvtx+W3g==</latexit>

L0

<latexit sha1_base64="JolMtf9oPkJQtckOYfzdTqWCzCE=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1EIbys100g6dTMLMRCghG3/Arf6BO3Hrn/gDfofTNgvbeuDC4Zx7ufeeIOFMacf5tkorq2vrG+XNytb2zu5edf+gpeJUEuqRmMeyHaCinAnqaaY5bSeSYhRw+hiMbif+4xOVisXiQY8T6kc4ECxkBLWRvLCXYd6r1py6M4W9TNyC1KBAs1f96fZjkkZUaMJRqY7rJNrPUGpGOM0r3VTRBMkIB7RjqMCIKj+bHpvbJ0bp22EsTQltT9W/ExlGSo2jwHRGqIdq0ZuI/3mdVIfXfsZEkmoqyGxRmHJbx/bkc7vPJCWajw1BIpm51SZDlEi0yWduC0FBKM8rJhh3MYZl0jqru5f1i/vzWuOmiKgMR3AMp+DCFTTgDprgAQEGL/AKb9az9W59WJ+z1pJVzBzCHKyvXy9Plyk=</latexit>

fa

<latexit sha1_base64="lymlnpbbbglLLrU/lw1mtv8vGx0=">AAACDXicbZDLSsNAFIYnXmu9RV26GSyCq5KIt41QdOOygr1AG8pketIOnUzCzKRQQp7BF3Crb+BO3PoMvoDP4aTNwrb+cODjP+dwDr8fc6a043xbK6tr6xubpa3y9s7u3r59cNhUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/ug+77fGIBWLxJOexOCFZCBYwCjRxurZdtBLnQzf4m48ZDn27IpTdabCy+AWUEGF6j37p9uPaBKC0JQTpTquE2svJVIzyiErdxMFMaEjMoCOQUFCUF46/TzDp8bp4yCSpoTGU/fvRkpCpSahbyZDoodqsZeb//U6iQ5uvJSJONEg6OxQkHCsI5zHgPtMAtV8YoBQycyvmA6JJFSbsOauUCIo8KxsgnEXY1iG5nnVvapePl5UandFRCV0jE7QGXLRNaqhB1RHDUTRGL2gV/RmPVvv1of1ORtdsYqdIzQn6+sX4FybOA==</latexit>

f0 = �0

<latexit sha1_base64="fgS1jnpIlyDym9cfzEuc8SBxOzw="></latexit>

Lwh
0 ⇠ 1p

MP f0
⇠ 1p

MP

<latexit sha1_base64="F2qBVZNcYHxroDSGuEuAQ0QrMxg="></latexit>

LGSL
0 ⇠ 1p

MP fa

<latexit sha1_base64="f0F7CgqXjpDK3ekEuJRkuU+6jdk="></latexit>

SGSL
wh ⇠ MP

fa

<latexit sha1_base64="I+6zgJ82ZjaJj67CepEvIpXvTCg="></latexit>

Swh ⇠
MP

f0
+ ln

MP

fa

⇠ O(1) + ln
MP

fa

<latexit sha1_base64="PQOt1mC3+eIKJSrdoN6s7YMgJ1I="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
gµ⌫G↵�(�)@µ�

↵@⌫�
� +

1

2
gµ⌫(F 2(�))IJ@µ✓

I@⌫✓
J

◆
[R. Kallosh, et.al. (1995)]
[A. Hebecker, T. Mikhail, P. Soler, (2018)]

[N.Arkani-Hamed, J. Orgera, J. Polchinski, (2007)]
[ J. Alvey, M. Escudero, (2020)]…

<latexit sha1_base64="+b6x5QTfCVgIuiO2xiUMt7RGmX0=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5gHJEmYnnWTI7OwyMyuEJTd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprsriAXXxnW/nZXVtfWNzdxWfntnd2+/cHBY11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwbuI3nlBpHslHM4rRD2lf8h5n1FipUS+14wE/6xSKbtmdgiwTLyNFyFDtFH7a3YglIUrDBNW65bmx8VOqDGcCx/l2ojGmbEj72LJU0hC1n07PHZNTq3RJL1K2pCFT9e9ESkOtR2FgO0NqBnrRm4j/ea3E9G78lMs4MSjZbFEvEcREZPI76XKFzIiRJZQpbm8lbEAVZcYmNLeFUclQjPM2GG8xhmVSPy97V+XLh4ti5TaLKAfHcAIl8OAaKnAPVagBgyG8wCu8Oc/Ou/PhfM5aV5xs5gjm4Hz9Arial2M=</latexit>

V (�)
<latexit sha1_base64="su0Ln8bkJR7m9HF6CUObh8Hr0ns="></latexit>

�

4

�
�2 � f2

a

�2
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Axion Wormholes - Generalization
Generic scenarios contain a mixture of scalars and axions  

Example) Dynamical Radial Mode 
<latexit sha1_base64="coufkRJ6T3NgyBQFzI0gmSSvJ/M="></latexit>

�(x) =
�(x)p

2
ei✓(x)

<latexit sha1_base64="u2qTLYEFfsSAsg19dnCvVqnn89M="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
(@µ�)

2 +
1

2
�2(@µ✓)

2 + ...

◆

<latexit sha1_base64="EXUZnMJjgmnQosoLqsZ5JvNA+FI=">AAAB/HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswOvTBhdnYzM2tCCP6AV/0Db8ar/+IP+B0OsAcBK+mkUtWd7q4gEVwb1/12cmvrG5tb+e3Czu7e/kHx8Kih41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+H91G8+odI8lo9mlKAf0b7kIWfUWKmmusWSW3ZnIKvEy0gJMlS7xZ9OL2ZphNIwQbVue25i/DFVhjOBk0In1ZhQNqR9bFsqaYTaH88OnZAzq/RIGCtb0pCZ+ndiTCOtR1FgOyNqBnrZm4r/ee3UhLf+mMskNSjZfFGYCmJiMv2a9LhCZsTIEsoUt7cSNqCKMmOzWdjCqGQoJgUbjLccwyppXJS96/JV7bJUucsiysMJnMI5eHADFXiAKtSBAcILvMKb8+y8Ox/O57w152Qzx7AA5+sX7PuVVQ==</latexit>r

<latexit sha1_base64="VVs2oUU0gYS7hmPBRceXP6KLbEA=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1kIbymR60wydTMLMRCihC3/Arf6BO3Hrp/gDfoeTNgvbeuDC4Zx7ufceP+FMacf5tkorq2vrG+XNytb2zu5edf+greJUUmzRmMey4xOFnAlsaaY5dhKJJPI5Pvqj29x/fEKpWCwe9DhBLyJDwQJGic6lXhKyfrXm1J0p7GXiFqQGBZr96k9vENM0QqEpJ0p1XSfRXkakZpTjpNJLFSaEjsgQu4YKEqHysumtE/vEKAM7iKUpoe2p+nciI5FS48g3nRHRoVr0cvE/r5vq4NrLmEhSjYLOFgUpt3Vs54/bAyaRaj42hFDJzK02DYkkVJt45rZQIijyScUE4y7GsEzaZ3X3sn5xf15r3BQRleEIjuEUXLiCBtxBE1pAIYQXeIU369l6tz6sz1lrySpmDmEO1tcvOvqWng==</latexit>

�

<latexit sha1_base64="SOjmyvkSUi4o78H3EnFoOKBm2gA=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6ceGigmkLbSiT6W07dDIJMxOhhGz8Abf6B+7ErX/iD/gdTtssbOuBC4dz7uXee4KYM6Ud59sqrKyurW8UN0tb2zu7e+X9g4aKEknRoxGPZCsgCjkT6GmmObZiiSQMODaD0e3Ebz6hVCwSj3ocox+SgWB9Rok2knffTZ2sW644VWcKe5m4OalAjnq3/NPpRTQJUWjKiVJt14m1nxKpGeWYlTqJwpjQERlg21BBQlR+Oj02s0+M0rP7kTQltD1V/06kJFRqHAamMyR6qBa9ifif1050/9pPmYgTjYLOFvUTbuvInnxu95hEqvnYEEIlM7fadEgkodrkM7eFEkGRZyUTjLsYwzJpnFXdy+rFw3mldpNHVIQjOIZTcOEKanAHdfCAAoMXeIU369l6tz6sz1lrwcpnDmEO1tcvtx+W3g==</latexit>

L0

<latexit sha1_base64="JolMtf9oPkJQtckOYfzdTqWCzCE=">AAACAHicbVDLSsNAFL2pr1pfVZdugkVwVRLxtSy6cVnB1EIbys100g6dTMLMRCghG3/Arf6BO3Hrn/gDfofTNgvbeuDC4Zx7ufeeIOFMacf5tkorq2vrG+XNytb2zu5edf+gpeJUEuqRmMeyHaCinAnqaaY5bSeSYhRw+hiMbif+4xOVisXiQY8T6kc4ECxkBLWRvLCXYd6r1py6M4W9TNyC1KBAs1f96fZjkkZUaMJRqY7rJNrPUGpGOM0r3VTRBMkIB7RjqMCIKj+bHpvbJ0bp22EsTQltT9W/ExlGSo2jwHRGqIdq0ZuI/3mdVIfXfsZEkmoqyGxRmHJbx/bkc7vPJCWajw1BIpm51SZDlEi0yWduC0FBKM8rJhh3MYZl0jqru5f1i/vzWuOmiKgMR3AMp+DCFTTgDprgAQEGL/AKb9az9W59WJ+z1pJVzBzCHKyvXy9Plyk=</latexit>

fa

<latexit sha1_base64="lymlnpbbbglLLrU/lw1mtv8vGx0=">AAACDXicbZDLSsNAFIYnXmu9RV26GSyCq5KIt41QdOOygr1AG8pketIOnUzCzKRQQp7BF3Crb+BO3PoMvoDP4aTNwrb+cODjP+dwDr8fc6a043xbK6tr6xubpa3y9s7u3r59cNhUUSIpNGjEI9n2iQLOBDQ00xzasQQS+hxa/ug+77fGIBWLxJOexOCFZCBYwCjRxurZdtBLnQzf4m48ZDn27IpTdabCy+AWUEGF6j37p9uPaBKC0JQTpTquE2svJVIzyiErdxMFMaEjMoCOQUFCUF46/TzDp8bp4yCSpoTGU/fvRkpCpSahbyZDoodqsZeb//U6iQ5uvJSJONEg6OxQkHCsI5zHgPtMAtV8YoBQycyvmA6JJFSbsOauUCIo8KxsgnEXY1iG5nnVvapePl5UandFRCV0jE7QGXLRNaqhB1RHDUTRGL2gV/RmPVvv1of1ORtdsYqdIzQn6+sX4FybOA==</latexit>

f0 = �0

<latexit sha1_base64="fgS1jnpIlyDym9cfzEuc8SBxOzw="></latexit>

Lwh
0 ⇠ 1p

MP f0
⇠ 1p

MP

<latexit sha1_base64="F2qBVZNcYHxroDSGuEuAQ0QrMxg="></latexit>

LGSL
0 ⇠ 1p

MP fa

<latexit sha1_base64="f0F7CgqXjpDK3ekEuJRkuU+6jdk="></latexit>

SGSL
wh ⇠ MP

fa

<latexit sha1_base64="I+6zgJ82ZjaJj67CepEvIpXvTCg="></latexit>

Swh ⇠
MP

f0
+ ln

MP

fa

⇠ O(1) + ln
MP

fa

<latexit sha1_base64="PQOt1mC3+eIKJSrdoN6s7YMgJ1I="></latexit>

S =

Z
d4x

p
g

✓
�M2

P

2
R+

1

2
gµ⌫G↵�(�)@µ�

↵@⌫�
� +

1

2
gµ⌫(F 2(�))IJ@µ✓

I@⌫✓
J

◆
[R. Kallosh, et.al. (1995)]
[A. Hebecker, T. Mikhail, P. Soler, (2018)]

[N.Arkani-Hamed, J. Orgera, J. Polchinski, (2007)]
[ J. Alvey, M. Escudero, (2020)]…

<latexit sha1_base64="I+6zgJ82ZjaJj67CepEvIpXvTCg="></latexit>

Swh ⇠
MP

f0
+ ln

MP

fa

⇠ O(1) + ln
MP

fa

<latexit sha1_base64="+b6x5QTfCVgIuiO2xiUMt7RGmX0=">AAACAnicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5gHJEmYnnWTI7OwyMyuEJTd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprsriAXXxnW/nZXVtfWNzdxWfntnd2+/cHBY11GiGNZYJCLVDKhGwSXWDDcCm7FCGgYCG8HwbuI3nlBpHslHM4rRD2lf8h5n1FipUS+14wE/6xSKbtmdgiwTLyNFyFDtFH7a3YglIUrDBNW65bmx8VOqDGcCx/l2ojGmbEj72LJU0hC1n07PHZNTq3RJL1K2pCFT9e9ESkOtR2FgO0NqBnrRm4j/ea3E9G78lMs4MSjZbFEvEcREZPI76XKFzIiRJZQpbm8lbEAVZcYmNLeFUclQjPM2GG8xhmVSPy97V+XLh4ti5TaLKAfHcAIl8OAaKnAPVagBgyG8wCu8Oc/Ou/PhfM5aV5xs5gjm4Hz9Arial2M=</latexit>

V (�)
<latexit sha1_base64="su0Ln8bkJR7m9HF6CUObh8Hr0ns="></latexit>

�

4

�
�2 � f2

a

�2
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Axion Wormholes - Effective Approach

“Is there an effective approach to compute axion wormhole properties?”

- Analytic framework for axion wormholes

- Phenomenological implications readout
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Axion Wormholes - Effective Approach [DYC, S.C. Park, C.S. Shin, 2310.11260]
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Axion Wormholes - Effective Approach
<latexit sha1_base64="pDyEaoufppPoVeIdn/b1Lc4RU9c="></latexit>

SE =

Z
d
4
x
p
g

✓
�M

2
P

2
R+

1

2
G↵�(�)@µ�

↵
@
µ
�
� +

1

12
(F�2(�))IJHIµ⌫⇢H

µ⌫⇢
J

◆
[DYC, S.C. Park, C.S. Shin, 2310.11260]
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Axion Wormholes - Effective Approach
<latexit sha1_base64="pDyEaoufppPoVeIdn/b1Lc4RU9c="></latexit>

SE =

Z
d
4
x
p
g

✓
�M

2
P

2
R+

1

2
G↵�(�)@µ�

↵
@
µ
�
� +

1

12
(F�2(�))IJHIµ⌫⇢H

µ⌫⇢
J

◆

Wormhole metric :
<latexit sha1_base64="Yirvh8UR0y74t91eT7TN67mu0UY="></latexit>

ds2 =
dr2

(1� L4
0/r

4)
+ r2d⌦2

3, PQ Charge quantization :
<latexit sha1_base64="h2LXnrnB/7Z6AjTw4iyu+Eh1oxM="></latexit>Z

S3

HE3 =

Z

S3

f
2
? d✓E = qe

<latexit sha1_base64="1XixLPceKBST1yOKZN/Eovs+Ne4=">AAACGnicbVDLSsNAFJ34rPVVdSnCYBFclUR8bYSCLnQjFewD2hAm09t26GQSZyZCCVn5G/6AW/0Dd+LWjT/gdzhts7CtBy4czrmXe+/xI86Utu1va25+YXFpObeSX11b39gsbG3XVBhLClUa8lA2fKKAMwFVzTSHRiSBBD6Hut+/HPr1R5CKheJeDyJwA9IVrMMo0UbyCnsPXgIpxhdYeMlNiltM4FZAdM/3k9vUKxTtkj0CniVORoooQ8Ur/LTaIY0DEJpyolTTsSPtJkRqRjmk+VasICK0T7rQNFSQAJSbjN5I8YFR2rgTSlNC45H6dyIhgVKDwDedwwvVtDcU//Oase6cuwkTUaxB0PGiTsyxDvEwE9xmEqjmA0MIlczcimmPSEK1SW5iCyWCAk/zJhhnOoZZUjsqOaelk7vjYvkqiyiHdtE+OkQOOkNldI0qqIooekIv6BW9Wc/Wu/VhfY5b56xsZgdNwPr6Bc/ZoIk=</latexit>

qe = nI 2 N
<latexit sha1_base64="h2LXnrnB/7Z6AjTw4iyu+Eh1oxM="></latexit>Z

S3

HE3 =

Z

S3

f
2
? d✓E = qe

[DYC, S.C. Park, C.S. Shin, 2310.11260]
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<latexit sha1_base64="2ps63+S6j98TzKVPld5/adVDvF0="></latexit>

Swh[n,�] =

Z ⌧1

0
d⌧(F�2('))IJnInJ = 3⇡3M2

PL
2
0 +

Z �

�0

d'A pA(')

<latexit sha1_base64="tPVFf/UHHTqDW9lzGxEKh2R/2g0="></latexit>

L4
0 =

(F�2(�0))IJnInJ

6(2⇡2)2M2
P

<latexit sha1_base64="+LejDifJg9vhHtGd83L0rFbnDuw="></latexit>

GAB(�)
d�A

d⌧

d�B

d⌧
= (F�2(�))IJnInJ � (F�2(�0))

IJnInJ

Master Equations

9

Axion Wormholes - Effective Approach
<latexit sha1_base64="pDyEaoufppPoVeIdn/b1Lc4RU9c="></latexit>

SE =

Z
d
4
x
p
g

✓
�M

2
P

2
R+

1

2
G↵�(�)@µ�

↵
@
µ
�
� +

1

12
(F�2(�))IJHIµ⌫⇢H

µ⌫⇢
J

◆

Wormhole metric :
<latexit sha1_base64="Yirvh8UR0y74t91eT7TN67mu0UY="></latexit>

ds2 =
dr2

(1� L4
0/r

4)
+ r2d⌦2

3, PQ Charge quantization :
<latexit sha1_base64="h2LXnrnB/7Z6AjTw4iyu+Eh1oxM="></latexit>Z

S3

HE3 =

Z

S3

f
2
? d✓E = qe

<latexit sha1_base64="1XixLPceKBST1yOKZN/Eovs+Ne4=">AAACGnicbVDLSsNAFJ34rPVVdSnCYBFclUR8bYSCLnQjFewD2hAm09t26GQSZyZCCVn5G/6AW/0Dd+LWjT/gdzhts7CtBy4czrmXe+/xI86Utu1va25+YXFpObeSX11b39gsbG3XVBhLClUa8lA2fKKAMwFVzTSHRiSBBD6Hut+/HPr1R5CKheJeDyJwA9IVrMMo0UbyCnsPXgIpxhdYeMlNiltM4FZAdM/3k9vUKxTtkj0CniVORoooQ8Ur/LTaIY0DEJpyolTTsSPtJkRqRjmk+VasICK0T7rQNFSQAJSbjN5I8YFR2rgTSlNC45H6dyIhgVKDwDedwwvVtDcU//Oase6cuwkTUaxB0PGiTsyxDvEwE9xmEqjmA0MIlczcimmPSEK1SW5iCyWCAk/zJhhnOoZZUjsqOaelk7vjYvkqiyiHdtE+OkQOOkNldI0qqIooekIv6BW9Wc/Wu/VhfY5b56xsZgdNwPr6Bc/ZoIk=</latexit>

qe = nI 2 N
<latexit sha1_base64="h2LXnrnB/7Z6AjTw4iyu+Eh1oxM="></latexit>Z

S3

HE3 =

Z

S3

f
2
? d✓E = qe

<latexit sha1_base64="hDF7V2HUvlfdAfCwvV3B52VW9EY="></latexit>

⌧(r) =
1

4⇡2L2
0

arctan

✓q
r4/L4

0 � 1

◆
.

<latexit sha1_base64="zXHsRMQ8j4EFJaLFe8Tofe26a4s="></latexit>

pA = GAB(�)
d�B

d⌧

[DYC, S.C. Park, C.S. Shin, 2310.11260]
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<latexit sha1_base64="2ps63+S6j98TzKVPld5/adVDvF0="></latexit>

Swh[n,�] =

Z ⌧1

0
d⌧(F�2('))IJnInJ = 3⇡3M2

PL
2
0 +

Z �

�0

d'A pA(')

<latexit sha1_base64="tPVFf/UHHTqDW9lzGxEKh2R/2g0="></latexit>

L4
0 =

(F�2(�0))IJnInJ

6(2⇡2)2M2
P

<latexit sha1_base64="+LejDifJg9vhHtGd83L0rFbnDuw="></latexit>

GAB(�)
d�A

d⌧

d�B

d⌧
= (F�2(�))IJnInJ � (F�2(�0))

IJnInJ

Master Equations

9

Axion Wormholes - Effective Approach
<latexit sha1_base64="pDyEaoufppPoVeIdn/b1Lc4RU9c="></latexit>

SE =

Z
d
4
x
p
g

✓
�M

2
P

2
R+

1

2
G↵�(�)@µ�

↵
@
µ
�
� +

1

12
(F�2(�))IJHIµ⌫⇢H

µ⌫⇢
J

◆

Wormhole metric :
<latexit sha1_base64="Yirvh8UR0y74t91eT7TN67mu0UY="></latexit>

ds2 =
dr2

(1� L4
0/r

4)
+ r2d⌦2

3, PQ Charge quantization :
<latexit sha1_base64="h2LXnrnB/7Z6AjTw4iyu+Eh1oxM="></latexit>Z

S3

HE3 =

Z

S3

f
2
? d✓E = qe

<latexit sha1_base64="1XixLPceKBST1yOKZN/Eovs+Ne4=">AAACGnicbVDLSsNAFJ34rPVVdSnCYBFclUR8bYSCLnQjFewD2hAm09t26GQSZyZCCVn5G/6AW/0Dd+LWjT/gdzhts7CtBy4czrmXe+/xI86Utu1va25+YXFpObeSX11b39gsbG3XVBhLClUa8lA2fKKAMwFVzTSHRiSBBD6Hut+/HPr1R5CKheJeDyJwA9IVrMMo0UbyCnsPXgIpxhdYeMlNiltM4FZAdM/3k9vUKxTtkj0CniVORoooQ8Ur/LTaIY0DEJpyolTTsSPtJkRqRjmk+VasICK0T7rQNFSQAJSbjN5I8YFR2rgTSlNC45H6dyIhgVKDwDedwwvVtDcU//Oase6cuwkTUaxB0PGiTsyxDvEwE9xmEqjmA0MIlczcimmPSEK1SW5iCyWCAk/zJhhnOoZZUjsqOaelk7vjYvkqiyiHdtE+OkQOOkNldI0qqIooekIv6BW9Wc/Wu/VhfY5b56xsZgdNwPr6Bc/ZoIk=</latexit>
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Summary

Axion wormholes provide a great framework to compute quantum gravity effects on global 
symmetry breaking 

Specifications of wormhole properties highly depend on details of the associated theory 

We present an “effective” approach for these axion wormholes, identifying the structure of 
the action and obtaining powerful analytic control 

Thank you!
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= SUV + SIR
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Example) Dynamical Radial Mode 
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Independent to IR field values
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Backup Slides
Scale separation within the wormhole

Energy
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Decoupled dynamics

PQ violating effects 
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Axion Wormholes - Effective Approach
Wormhole properties “well determined” through the massless limit associated with IR field 
values
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Axion Wormholes - Effective Approach

Dualization
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Wormhole properties “well determined” through the massless limit associated with IR field 
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Axion Wormholes - Effective Approach
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Wormhole properties “well determined” through the massless limit associated with IR field 
values
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Axion Wormholes - Effective Approach
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Axion Wormholes - Effective Approach
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Axion Wormholes - Effective Approach
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qe = nI 2 N

<latexit sha1_base64="8RwfZjJ7Og7gG61UBKCi8yOB+LQ="></latexit>

Swh[nI ,�]
<latexit sha1_base64="rOhVY5408eDYw06hE4KH7bbNLvY="></latexit>

�inI✓
I

Wormhole properties “well determined” through the massless limit associated with IR field 
values

<latexit sha1_base64="O0R+29D42awM6xva4XkhhPc3VNY="></latexit>
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[DYC, S.C. Park, C.S. Shin, 2310.11260]
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Axion Wormholes - Effective Approach

<latexit sha1_base64="bJLGn8HfTCHPCK9+92btmZlfRgI="></latexit>

�i

✓Z
d
4
x
p
g
1

6
✓
I
✏
µ⌫⇢�

@µHI⌫⇢�

◆<latexit sha1_base64="pDyEaoufppPoVeIdn/b1Lc4RU9c="></latexit>

SE =

Z
d
4
x
p
g

✓
�M

2
P

2
R+

1

2
G↵�(�)@µ�

↵
@
µ
�
� +

1

12
(F�2(�))IJHIµ⌫⇢H

µ⌫⇢
J

◆

Dualization
<latexit sha1_base64="rURSEgvulsiASrmz7aUH3IeywMk="></latexit>

HIµ⌫⇢ = (F 2(�))IJ@�✓g
��

✏�µ⌫⇢
Wick Rotation

<latexit sha1_base64="h2LXnrnB/7Z6AjTw4iyu+Eh1oxM="></latexit>Z
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HE3 =

Z

S3

f
2
? d✓E = qe

<latexit sha1_base64="1XixLPceKBST1yOKZN/Eovs+Ne4=">AAACGnicbVDLSsNAFJ34rPVVdSnCYBFclUR8bYSCLnQjFewD2hAm09t26GQSZyZCCVn5G/6AW/0Dd+LWjT/gdzhts7CtBy4czrmXe+/xI86Utu1va25+YXFpObeSX11b39gsbG3XVBhLClUa8lA2fKKAMwFVzTSHRiSBBD6Hut+/HPr1R5CKheJeDyJwA9IVrMMo0UbyCnsPXgIpxhdYeMlNiltM4FZAdM/3k9vUKxTtkj0CniVORoooQ8Ur/LTaIY0DEJpyolTTsSPtJkRqRjmk+VasICK0T7rQNFSQAJSbjN5I8YFR2rgTSlNC45H6dyIhgVKDwDedwwvVtDcU//Oase6cuwkTUaxB0PGiTsyxDvEwE9xmEqjmA0MIlczcimmPSEK1SW5iCyWCAk/zJhhnOoZZUjsqOaelk7vjYvkqiyiHdtE+OkQOOkNldI0qqIooekIv6BW9Wc/Wu/VhfY5b56xsZgdNwPr6Bc/ZoIk=</latexit>

qe = nI 2 N

<latexit sha1_base64="8RwfZjJ7Og7gG61UBKCi8yOB+LQ="></latexit>

Swh[nI ,�]
<latexit sha1_base64="rOhVY5408eDYw06hE4KH7bbNLvY="></latexit>

�inI✓
I

Wormhole properties “well determined” through the massless limit associated with IR field 
values
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SE [wormhole] = Swh [nI ,�]� inI✓
I

[DYC, S.C. Park, C.S. Shin, 2310.11260]
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Backup Slides- Axion Quality Problem and non-minimal gravity
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Stationary Solutions 
<latexit sha1_base64="K2lQYW04aLK6eZHdZCl+uDjzwqw=">AAACD3icbVC7SgNBFJ31GeMramkzGJQIIexKUBtFsLGMYB6QhDA7uYmDs7PLzF0xLskX2PgrNhaK2Nra+TdOYgpNPDBwOOdc7tzjR1IYdN0vZ2Z2bn5hMbWUXl5ZXVvPbGxWTBhrDmUeylDXfGZACgVlFCihFmlggS+h6t+cD/3qLWgjQnWFvQiaAesq0RGcoZVamb3GPSCjJ9TND7xBA+EOk1wAqAXP0xKTNqbEfr+VyboFdwQ6TbwxyZIxSq3MZ6Md8jgAhVwyY+qeG2EzYRoFl9BPN2IDEeM3rAt1SxULwDST0T19umuVNu2E2j6FdKT+nkhYYEwv8G0yYHhtJr2h+J9Xj7Fz3EyEimIExX8WdWJJMaTDcmhbaOAoe5YwroX9K+XXTDOOtsK0LcGbPHmaVA4K3mGheFnMnp2O60iRbbJDcsQjR+SMXJASKRNOHsgTeSGvzqPz7Lw57z/RGWc8s0X+wPn4BnT7m64=</latexit>

⇣ = 0, 1 (metric, Palatini)

Dim-Less parameters
<latexit sha1_base64="ltv2zsPjfUjHnSiZ0xA7GJKm0iY="></latexit>
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p
3�MP r, A ⌘

p
3�MPR, F ⌘ f/

p
3MP .

Boundary Conditions
<latexit sha1_base64="bCGDTFpxIe6PmjOiiShBeEd77Yg=">AAACKnicbZDLSgMxFIYz9VbrbdSlm2CxVJBhRoq6EapuXFaxF2jrkEkzbWiSGZKMUIY+jxtfxU0XSnHrg5heFlr7Q+DnO+dwcv4gZlRp1x1bmZXVtfWN7GZua3tnd8/eP6ipKJGYVHHEItkIkCKMClLVVDPSiCVBPGCkHvTvJvX6C5GKRuJJD2LS5qgraEgx0gb59g18fE5bsaScDGHRPYXX0D2DhQKE4XIewmKLilAPJij0kePbeddxp4L/jTc3eTBXxbdHrU6EE06Exgwp1fTcWLdTJDXFjAxzrUSRGOE+6pKmsQJxotrp9NQhPDGkA8NImic0nNLfEyniSg14YDo50j21WJvAZbVmosOrdkpFnGgi8GxRmDCoIzjJDXaoJFizgTEIS2r+CnEPSYS1STdnQvAWT/5vaueOd+GUHkr58u08jiw4AsegCDxwCcrgHlRAFWDwCt7BB/i03qyRNba+Zq0Zaz5zCP7I+v4BQmihDg==</latexit>

R0(0) = 0, f 0(0) = 0, f(1) = fa.

[DYC, K. Hamaguchi, Y. Kanazawa, S.M.Lee, N. Nagata, S.C.Park, 2210.11330]  

(Dashed : metric , Dotted : Palatini)
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