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Spacetime wormholes in quantum gravity



Classical black holes

are featureless objects — pure spacetime curvature



However, they behave like thermodynamic systems with a very large number 
of microscopic degrees of freedom:

matter

Hawking temperature T =
~

4⇡R

<latexit sha1_base64="89seRIhFHAVEg/raxg141MHNk9E=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRIp1Y1QdaHLivYBTSiTyaQdOsnEmYlYQv7Ejb/ixoUi4q5/47TNQlsPDBzOuY+5x4sZlcqyxkZhaXllda24XtrY3NreMXf3WpInApMm5oyLjockYTQiTUUVI51YEBR6jLS94dXEbz8SISmP7tUoJm6I+hENKEZKSz2z5oQef0pJpASPRxl0HhLkwzt4Dp1AIJzO7As9MsvSKnQGHhLwOuuZZatiTQEXiZ2TMsjR6Jnfjs9xEupFmCEpu7YVKzdFQlHMSFZyEklihIeoT7qaRigk0k2n92XwSCs+DLjQL1Jwqv7uSFEo5Sj0dGWI1EDOexPxP6+bqODMTWkUJ4pEeLYoSBhUHE7Cgj4VBCs20gRhQfVfIR4gnYvSkZZ0CPb8yYukdVKxaxX7tlquX+ZxFMEBOATHwAanoA5uQAM0AQbP4BW8gw/jxXgzPo2vWWnByHv2wR8Y4x9RY6Me</latexit>

entropy S =
Area

4~G

<latexit sha1_base64="xPdgZI87/v86CeQxXKfrYxlw7fg=">AAACEXicbVC7TgJBFJ3FF+ILtbSZCCbEguwSozQmqI0lBnkkLJC7wwATZh/OzBrJZn/Bxl+xsdAYWzs7/8bhUSh4kpucnHNv7r3HCTiTyjS/jcTS8srqWnI9tbG5tb2T3t2rST8UhFaJz33RcEBSzjxaVUxx2ggEBdfhtO4Mr8Z+/Z4KyXzvVo0C2nKh77EeI6C01EnnbNfxH6IK9JkCIVgocfaifZyNsX0XQhdXznGhHRWLcSedMfPmBHiRWDOSQTOUO+kvu+uT0KWeIhykbFpmoFoRCMUIp3HKDiUNgAyhT5uaeuBS2YomH8X4SCtd3POFLk/hifp7IgJXypHr6E4X1EDOe2PxP68Zql6xFTEvCBX1yHRRL+RY+XgcD+4yQYniI02ACKZvxWQAAojSIaZ0CNb8y4ukVshbp3nr5iRTupzFkUQH6BDlkIXOUAldozKqIoIe0TN6RW/Gk/FivBsf09aEMZvZR39gfP4APRub+Q==</latexit>

Sagitarrius A⇤ S = 288



In quantum gravity,
<latexit sha1_base64="cgQi0/tgu775vCf5JRCn+LEzM1w=">AAACCXicbVA9SwNBEN2LXzF+RS1tFoNgFe5E1DJoYxnRfEAuhr3NJFmyd3vszknCkdbGv2JjoYit/8DOf+Pmo9DEBwOP92aYmRfEUhh03W8ns7S8srqWXc9tbG5t7+R396pGJZpDhSupdD1gBqSIoIICJdRjDSwMJNSC/tXYrz2ANkJFdziMoRmybiQ6gjO0UitP/TBQg9Qv+NQgQzAj6lOfxbFWA5/C/W0rX3CL7gR0kXgzUiAzlFv5L7+teBJChFwyYxqeG2MzZRoFlzDK+YmBmPE+60LD0oiFYJrp5JMRPbJKm3aUthUhnai/J1IWGjMMA9sZMuyZeW8s/uc1EuxcNFMRxQlCxKeLOomkqOg4FtoWGjjKoSWMa2FvpbzHNONow8vZELz5lxdJ9aTonRW9m9NC6XIWR5YckENyTDxyTkrkmpRJhXDySJ7JK3lznpwX5935mLZmnNnMPvkD5/MHq+qZrg==</latexit>

# states ⇡ eS

How is this quantum information encoded?

How does it escape when a black hole evaporates?
<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i

<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i
<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i

<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i
<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i
<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i

<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i

<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i
<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i

<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i
<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i
<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i

<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i
<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i
<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i

<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i

<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i

<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i What else does this tell us about the UV completion?



In quantum gravity,
<latexit sha1_base64="cgQi0/tgu775vCf5JRCn+LEzM1w=">AAACCXicbVA9SwNBEN2LXzF+RS1tFoNgFe5E1DJoYxnRfEAuhr3NJFmyd3vszknCkdbGv2JjoYit/8DOf+Pmo9DEBwOP92aYmRfEUhh03W8ns7S8srqWXc9tbG5t7+R396pGJZpDhSupdD1gBqSIoIICJdRjDSwMJNSC/tXYrz2ANkJFdziMoRmybiQ6gjO0UitP/TBQg9Qv+NQgQzAj6lOfxbFWA5/C/W0rX3CL7gR0kXgzUiAzlFv5L7+teBJChFwyYxqeG2MzZRoFlzDK+YmBmPE+60LD0oiFYJrp5JMRPbJKm3aUthUhnai/J1IWGjMMA9sZMuyZeW8s/uc1EuxcNFMRxQlCxKeLOomkqOg4FtoWGjjKoSWMa2FvpbzHNONow8vZELz5lxdJ9aTonRW9m9NC6XIWR5YckENyTDxyTkrkmpRJhXDySJ7JK3lznpwX5935mLZmnNnMPvkD5/MHq+qZrg==</latexit>

# states ⇡ eS

How is this quantum information encoded?

How does it escape when a black hole evaporates?
<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i

<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i
<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i

<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i
<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i
<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i

<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i

<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i
<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i

<latexit sha1_base64="CDEGsqCex9/wlHFlff5ezqQwZEA=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO8dV2Ix4nQ2yBWQ7VRQo1iHyK6Wyo0aMsRBlWKlBB0bLVAAK7QGuXd3GJEkpEITjpXqOyjWXoqlZsTcl3UTRWNMJnhE+4YKHFLlpYvsM3hmlCEMImmO0HChft9IcajUNPTN5Dyp+u3Nxb+8fqKDupcyESeaCrJ8KEg41BGcFwGHTFKi+dQQTCQzWSEZY4mJNnVlTQlfP4X/k07Rdqq2c10uNC9WdWTACTgF58ABNdAEV6AF2oCAO/AAnsCzNbMerRfrdTm6Zq12jsEPWG+fyzmU8w==</latexit>

|1i
<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i
<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i

<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i
<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>

|0i
<latexit sha1_base64="fwlQ1a/r8mofwN1mRTUdjgwCvxM=">AAAB+3icdVBLSwMxGMz6rPVV69FLsAielmzfvRW9eKxgH9BdSjbNtqHZ7JJkxbL2r3jxoIhX/4g3/43pQ1DRgcAw833JZPyYM6UR+rDW1jc2t7YzO9ndvf2Dw9xRvqOiRBLaJhGPZM/HinImaFszzWkvlhSHPqddf3I597u3VCoWiRs9jakX4pFgASNYG2mQy7sh1mM/SO+RK7EYcTob5ArIdiqoUaxDZFdL5UYNGeKgSrFSgo6NFiiAFVqD3Ls7jEgSUqEJx0r1HRRrL8VSM2Luy7qJojEmEzyifUMFDqny0kX2GTwzyhAGkTRHaLhQv2+kOFRqGvpmcp5U/fbm4l9eP9FB3UuZiBNNBVk+FCQc6gjOi4BDJinRfGoIJpKZrJCMscREm7qypoSvn8L/SadoO1XbuS4XmherOjLgBJyCc+CAGmiCK9ACbUDAHXgAT+DZmlmP1ov1uhxds1Y7x+AHrLdPya2U8g==</latexit>
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Recent progress

Modern tools of quantum information science

Spacetime wormholes

Higher topology spacetime manifolds that contribute to the gravitational 
path integral

<latexit sha1_base64="ghmeLcEdOrJVlgxsmGKsazkMwgc="></latexit>

S = �tr ⇢ ln ⇢ , I(A : B) , NA!B

What else does this tell us about the UV completion?
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Spacetime wormholes are 4-dimensional solutions of General Relativity that exist 
whenever there are black holes.

Generic prediction of GR — any      , any matter content, no strings required 
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Complex-valued metric.

Generic prediction of GR — any      , any matter content, no strings required 
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These are not the wormholes of science fiction — those are spatial wormholes (and 
don’t exist in theories with positive energy!)

Spacetime wormholes are 4-dimensional solutions of General Relativity that exist 
whenever there are black holes.

Complex-valued metric.

Gravitational instantons.

Generic prediction of GR — any      , any matter content, no strings required 
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Black hole entropy tells us the average density of states in the UV theory,
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⇢(E)

(Averaged over a small energy window)
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(Averaged over a small energy window)

I will discuss two examples:

Spacetime wormholes tell us more detailed statistical information about the UV.

I.   Replica wormholes

II.  Thin-shell wormholes
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I.    Replica Wormholes

Based on:
[Almheiri, TH, Maldacena, Shaghoulian, Tajdini ’19]
[Penington, Shenker, Stanford, Yang ’19]
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Information loss in black hole evaporation



Information loss in black hole evaporation

 Hawking radiation is a process of entanglement production between the black 
hole interior and the radiation. 

The “paradox” is that at the end, there is nothing for the radiation to be entangled with — QIS.
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Srad

Entropy of Hawking radiation
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The Island Effect

S(⇢rad) = minIextI


Area(@I)

4
+ SQFT(I [ rad)

�
Entropy formula:

[Penington, '19]
[Almheiri, Engelhardt, Marolf, Maxfield '19]

radiation

island I



Replica wormholes

A “replica wormhole” is a gravitational instanton supported by matter entanglement.

              island effect
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Replica wormholes

A “replica wormhole” is a gravitational instanton supported by matter entanglement.

Consider the "purity"

Z2 := tr (⇢2)

pure:

mixed:

Z2 = 1

Z2 < 1

              island effect
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Calculate the purity of the Hawking radiation by a gravitational path integral:
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Calculate the purity of the Hawking radiation by a gravitational path integral:

tr(⇢2) ⇡

Hawking radiation 
is highly mixed

+ + · · ·

Hawking radiation re-purifies

<latexit sha1_base64="UFdPZeGjHl1HaOX/6jTQ1HPPXSM=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRIR7UYouqgrqdAXNCFMptN26MwkzEyEEvobbvwVNy4Ucakr/8ZpGkSrBy4czrmXe+8JY0aVdpxPq7C0vLK6VlwvbWxube/Yu3ttFSUSkxaOWCS7IVKEUUFammpGurEkiIeMdMLx1czv3BGpaCSaehITn6OhoAOKkTZSYDv1IPV44olkCi9gFXoxhfXgBnoMiSEjsPltezJTArvsVJwM8C9xc1IGORqB/e71I5xwIjRmSKme68TaT5HUFDMyLXmJIjHCYzQkPUMF4kT5afbZFB4ZpQ8HkTQlNMzUnxMp4kpNeGg6OdIjtejNxP+8XqIHVT+lIk40EXi+aJAwqCM4iwn2qSRYs4khCEtqboV4hCTC2oRZMiG4iy//Je2TintWcW9Py7XLPI4iOACH4Bi44BzUwDVogBbA4B48gmfwYj1YT9ar9TZvLVj5zD74BevjCy+Kn9Y=</latexit>

Gµ⌫ = 8⇡GN hTµ⌫i
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t

<latexit sha1_base64="DTp791ZDnCcCze8jVayxgNtpPuw=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RjQlsljA7O0mGzGOZ6RXCks/w4kERr36NN//GSbIHTSxoKKq66e6KU8Et+P63V1pZXVvfKG9WtrZ3dveq+wePVmeGshbVQptOTCwTXLEWcBCskxpGZCxYOx7dTP32EzOWa/UA45RFkgwU73NKwEnhfS/vGokNSSa9as2v+zPgZRIUpIYKNHvVr26iaSaZAiqItWHgpxDlxACngk0q3cyylNARGbDQUUUks1E+O3mCT5yS4L42rhTgmfp7IifS2rGMXackMLSL3lT8zwsz6F9FOVdpBkzR+aJ+JjBoPP0fJ9wwCmLsCKGGu1sxHRJDKLiUKi6EYPHlZfJ4Vg8u6sHdea1xXcRRRkfoGJ2iAF2iBrpFTdRCFGn0jF7Rmwfei/fufcxbS14xc4j+wPv8ASO1kSo=</latexit>

Srad

Intriguingly: The resulting entropy agrees precisely with the “Random Hamiltonian” 
prediction of Page.



Page: Random Hamiltonian

Hawking

<latexit sha1_base64="1zl72Czq56gGbnw0wzZF3NT/n8c=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3lXVa1xWard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4iGM/g==</latexit>

t

<latexit sha1_base64="DTp791ZDnCcCze8jVayxgNtpPuw=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RjQlsljA7O0mGzGOZ6RXCks/w4kERr36NN//GSbIHTSxoKKq66e6KU8Et+P63V1pZXVvfKG9WtrZ3dveq+wePVmeGshbVQptOTCwTXLEWcBCskxpGZCxYOx7dTP32EzOWa/UA45RFkgwU73NKwEnhfS/vGokNSSa9as2v+zPgZRIUpIYKNHvVr26iaSaZAiqItWHgpxDlxACngk0q3cyylNARGbDQUUUks1E+O3mCT5yS4L42rhTgmfp7IifS2rGMXackMLSL3lT8zwsz6F9FOVdpBkzR+aJ+JjBoPP0fJ9wwCmLsCKGGu1sxHRJDKLiUKi6EYPHlZfJ4Vg8u6sHdea1xXcRRRkfoGJ2iAF2iBrpFTdRCFGn0jF7Rmwfei/fufcxbS14xc4j+wPv8ASO1kSo=</latexit>

Srad

Disconnected 

Intriguingly: The resulting entropy agrees precisely with the “Random Hamiltonian” 
prediction of Page.



Page: Random Hamiltonian

Hawking

<latexit sha1_base64="1zl72Czq56gGbnw0wzZF3NT/n8c=">AAAB6HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKUG9ssVt+rOQVeJl5MKyVHvl796g5inESjkkhnT9dwE/YxpFFzCtNRLDSSMj9kQupYqFoHxs/mhU3pmlQENY21LIZ2rvycyFhkziQLbGTEcmWVvJv7ndVMMb/xMqCRFUHyxKEwlxZjOvqYDoYGjnFjCuBb2VspHTDOONpuSDcFbfnmVtC6q3lXVa1xWard5HEVyQk7JOfHINamRe1InTcIJkGfySt6cR+fFeXc+Fq0FJ585Jn/gfP4A4iGM/g==</latexit>

t

<latexit sha1_base64="DTp791ZDnCcCze8jVayxgNtpPuw=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RjQlsljA7O0mGzGOZ6RXCks/w4kERr36NN//GSbIHTSxoKKq66e6KU8Et+P63V1pZXVvfKG9WtrZ3dveq+wePVmeGshbVQptOTCwTXLEWcBCskxpGZCxYOx7dTP32EzOWa/UA45RFkgwU73NKwEnhfS/vGokNSSa9as2v+zPgZRIUpIYKNHvVr26iaSaZAiqItWHgpxDlxACngk0q3cyylNARGbDQUUUks1E+O3mCT5yS4L42rhTgmfp7IifS2rGMXackMLSL3lT8zwsz6F9FOVdpBkzR+aJ+JjBoPP0fJ9wwCmLsCKGGu1sxHRJDKLiUKi6EYPHlZfJ4Vg8u6sHdea1xXcRRRkfoGJ2iAF2iBrpFTdRCFGn0jF7Rmwfei/fufcxbS14xc4j+wPv8ASO1kSo=</latexit>

Srad

Disconnected Wormhole

Intriguingly: The resulting entropy agrees precisely with the “Random Hamiltonian” 
prediction of Page.



Status of the information problem

Radiation 
entropy

Microstates

Singularity
Infall

S-matrix



Status of the information problem

Radiation 
entropy

Microstates

Singularity
Infall

S-matrix



Status of the information problem

Radiation 
entropy

Microstates

Singularity
Infall

S-matrix

Some corners have been solved; but the scope of the problem is now BIGGER!

Factorization
Averaging

Vacuum state



II.    Thin-shell wormholes

Based on:
[Chandra, Collier, TH, Maloney ’22]
[Chandra, TH ’22]



Consider a black hole created by a spherically symmetric thin shell of massive particles in 
4 spacetime dimensions.

Spatial geometry

horizonmatter 

shell

<latexit sha1_base64="T2PvXihe8MFxw6QKr/VXuAQTUSg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUUP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo1Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A3xmM/A==</latexit>r



In the Euclidean path integral, this black hole is a solution that looks like this:

<latexit sha1_base64="T2PvXihe8MFxw6QKr/VXuAQTUSg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUUP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo1Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A3xmM/A==</latexit>r

<latexit sha1_base64="N9FrZMFfAC4AypvLSQD7MP1W9A4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNRBI8V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6xHHC/YgOlAgFo2ilB+zd9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5udOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndR9e7PK7XrPI4iHMExnIIHl1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gAl4I22</latexit>

tE

<latexit sha1_base64="JnXkGRpJRfq+ZzkDfEs93nc+SPA=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRIRdSMU3bisYB/QhDCZ3rZDJ5MwMxFK2j9w46+4caGIW7fu/BunbRbaeuByD+fcy8w9YcKZ0o7zbRWWlldW14rrpY3Nre0de3evoeJUUqjTmMeyFRIFnAmoa6Y5tBIJJAo5NMPBzcRvPoBULBb3epiAH5GeYF1GiTZSYB+PvJpiniSixwFfYU+lUSCwlyhm2kjkTmCXnYozBV4kbk7KKEctsL+8TkzTCISmnCjVdp1E+xmRmlEO45KXKkgIHZAetA0VJALlZ9N7xvjIKB3cjaUpofFU/b2RkUipYRSayYjovpr3JuJ/XjvV3Us/YyJJNQg6e6ibcqxjPAkHd5gEqvnQEEIlM3/FtE8kodpEWDIhuPMnL5LGacU9r7h3Z+XqdR5HER2gQ3SCXHSBqugW1VAdUfSIntErerOerBfr3fqYjRasfGcf/YH1+QOzvJx1</latexit>

| i =
X

n

 n|ni
<latexit sha1_base64="KuYnacK/nv8TQKKwHM74StDr4gQ=">AAACGXicbVC7TsMwFHV4lvIKMLJYVEhMVVIhYEGqYGEsEn1ITYgc12mt2k5kO0hV2t9g4VdYGECIESb+BrfJAC1HurpH59wr+54wYVRpx/m2lpZXVtfWSxvlza3tnV17b7+l4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8nvrtByIVjcWdHiXE56gvaEQx0kYKbMdjSPQZgV5DUTjOmydz7RJ6KuWBgGMvUTQQ4/saDOyKU3VmgIvELUgFFGgE9qfXi3HKidCYIaW6rpNoP0NSU8zIpOyliiQID1GfdA0ViBPlZ7PLJvDYKD0YxdKU0HCm/t7IEFdqxEMzyZEeqHlvKv7ndVMdXfgZFUmqicD5Q1HKoI7hNCbYo5JgzUaGICyp+SvEAyQR1ibMsgnBnT95kbRqVfes6t6eVupXRRwlcAiOwAlwwTmogxvQAE2AwSN4Bq/gzXqyXqx36yMfXbKKnQPwB9bXD6x4n3k=</latexit>

h | i =
X

n

| n|2

Standard black hole thermodynamics from the path integral:

<latexit sha1_base64="SRo3LUjO+iHy3tDYBHzqpur3lUQ=">AAAB8XicbVDLTgJBEOz1ifhCPXqZSEw8kV1i1CPRi0dM5BFhJbPDLEyYnd3M9JoQ4C+8eNAYr/6NN//GAfagYCWdVKq6090VJFIYdN1vZ2V1bX1jM7eV397Z3dsvHBzWTZxqxmsslrFuBtRwKRSvoUDJm4nmNAokbwSDm6nfeOLaiFjd4zDhfkR7SoSCUbTSw7idGNFR48dyp1B0S+4MZJl4GSlChmqn8NXuxiyNuEImqTEtz03QH1GNgkk+ybdTwxPKBrTHW5YqGnHjj2YXT8ipVbokjLUthWSm/p4Y0ciYYRTYzohi3yx6U/E/r5VieOWPhEpS5IrNF4WpJBiT6fukKzRnKIeWUKaFvZWwPtWUoQ0pb0PwFl9eJvVyybsoeXfnxcp1FkcOjuEEzsCDS6jALVShBgwUPMMrvDnGeXHenY9564qTzRzBHzifP52hkOE=</latexit>

| n|2

[Gibbons, Hawking]

Therefore: General relativity “knows” the average value of 

<latexit sha1_base64="Q+fSM7/0NH9zhS/nDfhE7s1PPH4=">AAACHHicbVC7TsMwFHXKq5RXgZHFokJioUoAAWMFC2xFog+pCZHj3rZWHSeyHUQV+iEs/AoLAwixMCDxN7htBmg50tU9Oude2fcEMWdK2/a3lZubX1hcyi8XVlbX1jeKm1t1FSWSQo1GPJLNgCjgTEBNM82hGUsgYcChEfQvRn7jDqRikbjRgxi8kHQF6zBKtJH84pHLiehywG5VMfwwaa7MNBLHMrrHcJseXPmpK0NM+XDoF0t22R4DzxInIyWUoeoXP912RJMQhKacKNVy7Fh7KZGaUQ7DgpsoiAntky60DBUkBOWl4+OGeM8obdyJpCmh8Vj9vZGSUKlBGJjJkOiemvZG4n9eK9GdMy9lIk40CDp5qJNwrCM8Sgq3mQSq+cAQQiUzf8W0RySh2uRZMCE40yfPkvph2TkpO9fHpcp5Fkce7aBdtI8cdIoq6BJVUQ1R9Iie0St6s56sF+vd+piM5qxsZxv9gfX1A+WioUc=</latexit>

h | i ⇡ e�Icl (WKB)



Question: Does General Relativity know higher moments of black hole states?

<latexit sha1_base64="1+16eMYDSsEMTlzDG2kYTii3jks=">AAACJ3icbZDLSgMxFIYzXmu9jbp0EyyCqzJTi7qSohuXFewFOmXIpJk2NJMMSUYow7yNG1/FjaAiuvRNTNvBauuBwMf/n8PJ+YOYUaUd59NaWl5ZXVsvbBQ3t7Z3du29/aYSicSkgQUTsh0gRRjlpKGpZqQdS4KigJFWMLwe+617IhUV/E6PYtKNUJ/TkGKkjeTbl54w9ng6hV6sqJ9y381+sDLD0xlWDeKe0Crz7ZJTdiYFF8HNoQTyqvv2i9cTOIkI15ghpTquE+tuiqSmmJGs6CWKxAgPUZ90DHIUEdVNJ3dm8NgoPRgKaR7XcKL+nkhRpNQoCkxnhPRAzXtj8T+vk+jwoptSHieacDxdFCYMagHHocEelQRrNjKAsKTmrxAPkERYm2iLJgR3/uRFaFbK7lnZva2Wald5HAVwCI7ACXDBOaiBG1AHDYDBA3gCr+DNerSerXfrY9q6ZOUzB+BPWV/fdIim6A==</latexit>

 n1 n2 n3 n4 · · ·



Question: Does General Relativity know higher moments of black hole states?

<latexit sha1_base64="1+16eMYDSsEMTlzDG2kYTii3jks=">AAACJ3icbZDLSgMxFIYzXmu9jbp0EyyCqzJTi7qSohuXFewFOmXIpJk2NJMMSUYow7yNG1/FjaAiuvRNTNvBauuBwMf/n8PJ+YOYUaUd59NaWl5ZXVsvbBQ3t7Z3du29/aYSicSkgQUTsh0gRRjlpKGpZqQdS4KigJFWMLwe+617IhUV/E6PYtKNUJ/TkGKkjeTbl54w9ng6hV6sqJ9y381+sDLD0xlWDeKe0Crz7ZJTdiYFF8HNoQTyqvv2i9cTOIkI15ghpTquE+tuiqSmmJGs6CWKxAgPUZ90DHIUEdVNJ3dm8NgoPRgKaR7XcKL+nkhRpNQoCkxnhPRAzXtj8T+vk+jwoptSHieacDxdFCYMagHHocEelQRrNjKAsKTmrxAPkERYm2iLJgR3/uRFaFbK7lnZva2Wald5HAVwCI7ACXDBOaiBG1AHDYDBA3gCr+DNerSerXfrY9q6ZOUzB+BPWV/fdIim6A==</latexit>

 n1 n2 n3 n4 · · ·

A partial answer:

Yes. At least some higher moments are encoded in spacetime wormholes connecting 
multiple copies of the original black hole. d = 2 [Penington, Shenker, Stanford, Yang ’19]

d > 2 [Chandra, TH ’22]

6-copy

Euclidean

wormhole



Suppose           is a random quantum state, drawn from a Gaussian distribution: 
<latexit sha1_base64="U2Lu22ixqxx2VHcxJDz2fg/51jQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKthaaUDbbSbt0swm7G6HE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYnqhFSj4BJbhhuBnVQhjUOBD+HoZuo/PKLSPJH3ZpxiENOB5BFn1FjJf/KbmvuKyoHAXrXm1t0ZyDLxClKDAs1e9cvvJyyLURomqNZdz01NkFNlOBM4qfiZxpSyER1g11JJY9RBPrt5Qk6s0idRomxJQ2bq74mcxlqP49B2xtQM9aI3Ff/zupmJroKcyzQzKNl8UZQJYhIyDYD0uUJmxNgSyhS3txI2pIoyY2Oq2BC8xZeXSfus7l3UvbvzWuO6iKMMR3AMp+DBJTTgFprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzifPzyTkdE=</latexit>

| i



Suppose           is a random quantum state, drawn from a Gaussian distribution: 
<latexit sha1_base64="U2Lu22ixqxx2VHcxJDz2fg/51jQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKthaaUDbbSbt0swm7G6HE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYnqhFSj4BJbhhuBnVQhjUOBD+HoZuo/PKLSPJH3ZpxiENOB5BFn1FjJf/KbmvuKyoHAXrXm1t0ZyDLxClKDAs1e9cvvJyyLURomqNZdz01NkFNlOBM4qfiZxpSyER1g11JJY9RBPrt5Qk6s0idRomxJQ2bq74mcxlqP49B2xtQM9aI3Ff/zupmJroKcyzQzKNl8UZQJYhIyDYD0uUJmxNgSyhS3txI2pIoyY2Oq2BC8xZeXSfus7l3UvbvzWuO6iKMMR3AMp+DBJTTgFprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzifPzyTkdE=</latexit>

| i
<latexit sha1_base64="czlRmACPOvb8wT5XyfcLAhZM2Qs=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VRIRdSMU3bisYB/QhDCZ3rZDJ5MwMxFK2k9w46+4caGIW5fu/BunbRbaeuByD+fcy8w9YcKZ0o7zbRWWlldW14rrpY3Nre0de3evoeJUUqjTmMeyFRIFnAmoa6Y5tBIJJAo5NMPBzcRvPoBULBb3epiAH5GeYF1GiTZSYB+PvJpi2JNE9DjgK+ypNAoE9hLFTBuJ3AnsslNxpsCLxM1JGeWoBfaX14lpGoHQlBOl2q6TaD8jUjPKYVzyUgUJoQPSg7ahgkSg/Gx60BgfGaWDu7E0JTSeqr83MhIpNYxCMxkR3Vfz3kT8z2ununvpZ0wkqQZBZw91U451jCfp4A6TQDUfGkKoZOavmPaJJFSbDEsmBHf+5EXSOK245xX37qxcvc7jKKIDdIhOkIsuUBXdohqqI4oe0TN6RW/Wk/VivVsfs9GCle/soz+wPn8AD7ycnw==</latexit>

| i =
X

n

 n|ni



Suppose           is a random quantum state, drawn from a Gaussian distribution: 
<latexit sha1_base64="U2Lu22ixqxx2VHcxJDz2fg/51jQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKthaaUDbbSbt0swm7G6HE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYnqhFSj4BJbhhuBnVQhjUOBD+HoZuo/PKLSPJH3ZpxiENOB5BFn1FjJf/KbmvuKyoHAXrXm1t0ZyDLxClKDAs1e9cvvJyyLURomqNZdz01NkFNlOBM4qfiZxpSyER1g11JJY9RBPrt5Qk6s0idRomxJQ2bq74mcxlqP49B2xtQM9aI3Ff/zupmJroKcyzQzKNl8UZQJYhIyDYD0uUJmxNgSyhS3txI2pIoyY2Oq2BC8xZeXSfus7l3UvbvzWuO6iKMMR3AMp+DBJTTgFprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzifPzyTkdE=</latexit>

| i
<latexit sha1_base64="czlRmACPOvb8wT5XyfcLAhZM2Qs=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VRIRdSMU3bisYB/QhDCZ3rZDJ5MwMxFK2k9w46+4caGIW5fu/BunbRbaeuByD+fcy8w9YcKZ0o7zbRWWlldW14rrpY3Nre0de3evoeJUUqjTmMeyFRIFnAmoa6Y5tBIJJAo5NMPBzcRvPoBULBb3epiAH5GeYF1GiTZSYB+PvJpi2JNE9DjgK+ypNAoE9hLFTBuJ3AnsslNxpsCLxM1JGeWoBfaX14lpGoHQlBOl2q6TaD8jUjPKYVzyUgUJoQPSg7ahgkSg/Gx60BgfGaWDu7E0JTSeqr83MhIpNYxCMxkR3Vfz3kT8z2ununvpZ0wkqQZBZw91U451jCfp4A6TQDUfGkKoZOavmPaJJFSbDEsmBHf+5EXSOK245xX37qxcvc7jKKIDdIhOkIsuUBXdohqqI4oe0TN6RW/Wk/VivVsfs9GCle/soz+wPn8AD7ycnw==</latexit>
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<latexit sha1_base64="uyY+s5QfkRzjZeRAwHx1Zw4JKMc=">AAACGHicbVDLSgMxFM3UV62vqks3wSJUF3VGRN0IRRFcVrAP6IxDJs20oUlmSDJCGeYz3Pgrblwo4rY7/8Z02oVWDwQO59zDzT1BzKjStv1lFRYWl5ZXiqultfWNza3y9k5LRYnEpIkjFslOgBRhVJCmppqRTiwJ4gEj7WB4PfHbj0QqGol7PYqJx1Ff0JBipI3kl4/dyNiTdOrGivr84QjmRGTwEobVG58fQrdHmEZ+ykXmlyt2zc4B/xJnRipghoZfHru9CCecCI0ZUqrr2LH2UiQ1xYxkJTdRJEZ4iPqka6hAnCgvzQ/L4IFRejCMpHlCw1z9mUgRV2rEAzPJkR6oeW8i/ud1Ex1eeCkVcaKJwNNFYcKgjuCkJdijkmDNRoYgLKn5K8QDJBHWpsuSKcGZP/kvaZ3UnLOac3daqV/N6iiCPbAPqsAB56AObkEDNAEGT+AFvIF369l6tT6sz+lowZpldsEvWONvHMifzQ==</latexit>

 ⇤
m n = f(Em)�mn

<latexit sha1_base64="S/PM20G7WXPzXBcSQAZpCxhBMsw="></latexit>

h | ih | i · · · =
X

n1,n2,...

 ⇤
n1
 n1 

⇤
n2
 n2 · · ·

<latexit sha1_base64="JTw2hE/kOzCx9yRwH6lk9bLnouw="></latexit>

=

 
X

n

| n|2
!k

+
X

n

| n|2k
<latexit sha1_base64="kEJYg5m6xHbyq87qva8R+qKY9m8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBZBEEoioh6LXjxWsB/QhrLZbNulm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgorq2vrG8XN0tb2zu5eef+gaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UKIvGEUrtc9Il4Uxml654lbdGcgy8XJSgRz1XvmrG8YsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZvRNyYpWQ9GNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VS7F/7mVBJilyx+aJ+KgnGZPo8CYXmDOXYEsq0sLcSNqSaMrQRlWwI3uLLy6R5XvUuq979RaV2k8dRhCM4hlPw4ApqcAd1aAADCc/wCm/Oo/PivDsf89aCk88cwh84nz9t1Y+U</latexit>

+ · · ·



Suppose           is a random quantum state, drawn from a Gaussian distribution: 
<latexit sha1_base64="U2Lu22ixqxx2VHcxJDz2fg/51jQ=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKthaaUDbbSbt0swm7G6HE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYnqhFSj4BJbhhuBnVQhjUOBD+HoZuo/PKLSPJH3ZpxiENOB5BFn1FjJf/KbmvuKyoHAXrXm1t0ZyDLxClKDAs1e9cvvJyyLURomqNZdz01NkFNlOBM4qfiZxpSyER1g11JJY9RBPrt5Qk6s0idRomxJQ2bq74mcxlqP49B2xtQM9aI3Ff/zupmJroKcyzQzKNl8UZQJYhIyDYD0uUJmxNgSyhS3txI2pIoyY2Oq2BC8xZeXSfus7l3UvbvzWuO6iKMMR3AMp+DBJTTgFprQAgYpPMMrvDmZ8+K8Ox/z1pJTzBzCHzifPzyTkdE=</latexit>

| i
<latexit sha1_base64="czlRmACPOvb8wT5XyfcLAhZM2Qs=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VRIRdSMU3bisYB/QhDCZ3rZDJ5MwMxFK2k9w46+4caGIW5fu/BunbRbaeuByD+fcy8w9YcKZ0o7zbRWWlldW14rrpY3Nre0de3evoeJUUqjTmMeyFRIFnAmoa6Y5tBIJJAo5NMPBzcRvPoBULBb3epiAH5GeYF1GiTZSYB+PvJpi2JNE9DjgK+ypNAoE9hLFTBuJ3AnsslNxpsCLxM1JGeWoBfaX14lpGoHQlBOl2q6TaD8jUjPKYVzyUgUJoQPSg7ahgkSg/Gx60BgfGaWDu7E0JTSeqr83MhIpNYxCMxkR3Vfz3kT8z2ununvpZ0wkqQZBZw91U451jCfp4A6TQDUfGkKoZOavmPaJJFSbDEsmBHf+5EXSOK245xX37qxcvc7jKKIDdIhOkIsuUBXdohqqI4oe0TN6RW/Wk/VivVsfs9GCle/soz+wPn8AD7ycnw==</latexit>

| i =
X

n

 n|ni

To study statistics we look at many copies together:

<latexit sha1_base64="uyY+s5QfkRzjZeRAwHx1Zw4JKMc=">AAACGHicbVDLSgMxFM3UV62vqks3wSJUF3VGRN0IRRFcVrAP6IxDJs20oUlmSDJCGeYz3Pgrblwo4rY7/8Z02oVWDwQO59zDzT1BzKjStv1lFRYWl5ZXiqultfWNza3y9k5LRYnEpIkjFslOgBRhVJCmppqRTiwJ4gEj7WB4PfHbj0QqGol7PYqJx1Ff0JBipI3kl4/dyNiTdOrGivr84QjmRGTwEobVG58fQrdHmEZ+ykXmlyt2zc4B/xJnRipghoZfHru9CCecCI0ZUqrr2LH2UiQ1xYxkJTdRJEZ4iPqka6hAnCgvzQ/L4IFRejCMpHlCw1z9mUgRV2rEAzPJkR6oeW8i/ud1Ex1eeCkVcaKJwNNFYcKgjuCkJdijkmDNRoYgLKn5K8QDJBHWpsuSKcGZP/kvaZ3UnLOac3daqV/N6iiCPbAPqsAB56AObkEDNAEGT+AFvIF369l6tT6sz+lowZpldsEvWONvHMifzQ==</latexit>

 ⇤
m n = f(Em)�mn

<latexit sha1_base64="S/PM20G7WXPzXBcSQAZpCxhBMsw="></latexit>

h | ih | i · · · =
X

n1,n2,...

 ⇤
n1
 n1 

⇤
n2
 n2 · · ·

<latexit sha1_base64="JTw2hE/kOzCx9yRwH6lk9bLnouw="></latexit>

=

 
X

n

| n|2
!k

+
X

n

| n|2k
<latexit sha1_base64="kEJYg5m6xHbyq87qva8R+qKY9m8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBZBEEoioh6LXjxWsB/QhrLZbNulm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgorq2vrG8XN0tb2zu5eef+gaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UKIvGEUrtc9Il4Uxml654lbdGcgy8XJSgRz1XvmrG8YsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZvRNyYpWQ9GNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VS7F/7mVBJilyx+aJ+KgnGZPo8CYXmDOXYEsq0sLcSNqSaMrQRlWwI3uLLy6R5XvUuq979RaV2k8dRhCM4hlPw4ApqcAd1aAADCc/wCm/Oo/PivDsf89aCk88cwh84nz9t1Y+U</latexit>

+ · · ·

<latexit sha1_base64="l9yZhi4EFkgrrt1ORlYy+R3Qlhw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSIIQklE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3dRvPaHSPJYPZpygH9GB5CFn1Fipft4rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeVHxripe/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fc32MtQ==</latexit>

+<latexit sha1_base64="feYJlqRAt9N6RJRnwkNptAVwjek=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIehGKXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7qZ+6wmV5rF8MOME/YgOJA85o8ZK9ZteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1nx6hfl6m0eRwGO4QTOwIMrqMI91KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AI7FjMc=</latexit>=
<latexit sha1_base64="kEJYg5m6xHbyq87qva8R+qKY9m8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBZBEEoioh6LXjxWsB/QhrLZbNulm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgorq2vrG8XN0tb2zu5eef+gaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U791hPXRsTqAccJ9yM6UKIvGEUrtc9Il4Uxml654lbdGcgy8XJSgRz1XvmrG8YsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZvRNyYpWQ9GNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VS7F/7mVBJilyx+aJ+KgnGZPo8CYXmDOXYEsq0sLcSNqSaMrQRlWwI3uLLy6R5XvUuq979RaV2k8dRhCM4hlPw4ApqcAd1aAADCc/wCm/Oo/PivDsf89aCk88cwh84nz9t1Y+U</latexit>

+ · · ·



In this case, and many similar examples,

General relativity <latexit sha1_base64="m36Ivp4Di7mKqp3iY74Rco2a7y8=">AAAB+HicbVA9SwNBEN2LXzF+5NTSZjEIVuFORC2DNhYWEcwHJEfY2+wlS/Z2j905JR75JTYWitj6U+z8N26SKzTxwcDjvRlm5oWJ4AY879sprKyurW8UN0tb2zu7ZXdvv2lUqilrUCWUbofEMMElawAHwdqJZiQOBWuFo+up33pg2nAl72GcsCAmA8kjTglYqeeWu7csAs0HQyBaq8eeW/Gq3gx4mfg5qaAc9Z771e0rmsZMAhXEmI7vJRBkRAOngk1K3dSwhNARGbCOpZLEzATZ7PAJPrZKH0dK25KAZ+rviYzExozj0HbGBIZm0ZuK/3mdFKLLIOMySYFJOl8UpQKDwtMUcJ9rRkGMLSFUc3srpkOiCQWbVcmG4C++vEyap1X/vOrfnVVqV3kcRXSIjtAJ8tEFqqEbVEcNRFGKntErenOenBfn3fmYtxacfOYA/YHz+QM6LpN3</latexit>, Unitary quantum system that is

“as random as possible”

Subject to the constraints of gauge invariance and asymptotic locality.

Another example:

Einstein gravity

in 

<latexit sha1_base64="Wl9j5TMkwfGx/zV7tD1enqq9wYg=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9VLx4r2g9sl5LNZtvQJLskWaEs/RdePCji1X/jzX9j2u5BWx8MPN6bYWZekHCmjet+O4Wl5ZXVteJ6aWNza3unvLvX1HGqCG2QmMeqHWBNOZO0YZjhtJ0oikXAaSsY3kz81hNVmsXywYwS6gvclyxiBBsrPXaVyK7C+3HvtFeuuFV3CrRIvJxUIEe9V/7qhjFJBZWGcKx1x3MT42dYGUY4HZe6qaYJJkPcpx1LJRZU+9n04jE6skqIoljZkgZN1d8TGRZaj0RgOwU2Az3vTcT/vE5qoks/YzJJDZVktihKOTIxmryPQqYoMXxkCSaK2VsRGWCFibEhlWwI3vzLi6R5UvXOq97dWaV2ncdRhAM4hGPw4AJqcAt1aAABCc/wCm+Odl6cd+dj1lpw8pl9+APn8wc7SpCh</latexit>

AdS3
<latexit sha1_base64="feYJlqRAt9N6RJRnwkNptAVwjek=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIehGKXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7qZ+6wmV5rF8MOME/YgOJA85o8ZK9ZteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1nx6hfl6m0eRwGO4QTOwIMrqMI91KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AI7FjMc=</latexit>=

Average over
<latexit sha1_base64="sxlmqmW9nM2owxBvsukKcn8DyEU=">AAAB+nicbZDLSgMxFIYz9VbrbapLN8EiuiozRdRlsSAuK/QG7TBk0rQNTTJDklHKOI/ixoUibn0Sd76NmXYW2vpD4OM/53BO/iBiVGnH+bYKa+sbm1vF7dLO7t7+gV0+7Kgwlpi0cchC2QuQIowK0tZUM9KLJEE8YKQbTBtZvftApKKhaOlZRDyOxoKOKEbaWL5dHkieNG5bqV/L6Eylvl1xqs5ccBXcHCogV9O3vwbDEMecCI0ZUqrvOpH2EiQ1xYykpUGsSITwFI1J36BAnCgvmZ+ewlPjDOEolOYJDefu74kEcaVmPDCdHOmJWq5l5n+1fqxH115CRRRrIvBi0ShmUIcwywEOqSRYs5kBhCU1t0I8QRJhbdIqmRDc5S+vQqdWdS+r7v1FpX6Tx1EEx+AEnAMXXIE6uANN0AYYPIJn8ArerCfrxXq3PhatBSufOQJ/ZH3+AOv0k8k=</latexit>

CFT2
0s

subject to conformal bootstrap

[Chandra, Collier, TH, Maloney ’22]



Violation of global symmetries
There is a general argument that quantum gravity violates all global symmetries.

Baryons

Hawking radiation in baryons+leptons

e.g. [Misner, Wheeler ’57]

In the Standard Model:

<latexit sha1_base64="xqux/OLYmehZ0TiSUnmLAR9A6rI=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK0C0sioi5L3bhwUcG0hSaEyWTSDp28ZiZCCQU3/oobF4q49Sfc+TdO2yy09cCFwzn3cu89XsKokIbxrS0tr6yurZc2yptb2zu7+t5+W8QZx8TCMYt510OCMBoRS1LJSDfhBIUeIx1veD3xOw+ECxpH93KUECdE/YgGFCOpJFc/tKpmzc2bp7djaKcZ8mE1TVObMFZz9YpRN6aAi8QsSAUUaLn6l+3HOAtJJDFDQvRMI5FOjrikmJFx2c4ESRAeoj7pKRqhkAgnn/4whidK8WEQc1WRhFP190SOQiFGoac6QyQHYt6biP95vUwGV05OoySTJMKzRUHGoIzhJBDoU06wZCNFEOZU3QrxAHGEpYqtrEIw519eJO2zunlRN+/OK41mEUcJHIFjUAUmuAQNcANawAIYPIJn8AretCftRXvXPmatS1oxcwD+QPv8AXDgliI=</latexit>

U(1)B�L (qqq`)



Thin-shell wormholes can be used to calculate nonperturbative contributions to this 
effect.

<latexit sha1_base64="b8QZDZSQDhw92RsMLhLLy1qbxSE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeiz14rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZq1Pqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LivedcVrXJWrtTyOApzCGVyABzdQhXuoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBllmMzA==</latexit>

B

<latexit sha1_base64="0a/bmF+wmFP3nrh1Rlxb/cRvoDs=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp2IWgZtLCwSMB+QHGFvM5es2ds7dveEcOQX2FgoYutPsvPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDv1W0+oNI/lgxkn6Ed0IHnIGTVWqt/3SmW34s5AlomXkzLkqPVKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZodOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ9xmaQGJZsvClNBTEymX5M+V8iMGFtCmeL2VsKGVFFmbDZFG4K3+PIyaZ5XvMuKV78oV2/yOApwDCdwBh5cQRXuoAYNYIDwDK/w5jw6L8678zFvXXHymSP4A+fzB6WBjNY=</latexit>

L

<latexit sha1_base64="9ftq5dysnV96mSSWPA07uYl5h7k="></latexit>

e�Icl ⇡ |hB|Li|2

Two-copy wormhole:



The gravitational path integral encodes the statistics of the UV quantum theory.

Conclusion

However we do not yet know the full story.

• Can all statistics be determined systematically?


• How does this compare to UV-complete examples in string theory?


• Is there a role for higher topology / quantum info in cosmology?

Interplay between quantum information and higher topologies.



The gravitational path integral encodes the statistics of the UV quantum theory.

Conclusion

However we do not yet know the full story.

• Can all statistics be determined systematically?


• How does this compare to UV-complete examples in string theory?


• Is there a role for higher topology / quantum info in cosmology?

Interplay between quantum information and higher topologies.

Thank you.


