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Schwarzschild Metric: Unique Spherically Symmetric Vacuum  Solution



The Schwarzschild Solution
Use to place limits

Hawking Evaporation
Limit on Primordial 

Black holes Super-radiance Limits on New 
Particles without interactions

How robust are these conclusions?
No global symmetries in quantum gravity



The Schwarzschild Solution
Enough Mass, 

Compact Volume
Planck Density

Low Energy Gravity, 
GR applies

Penrose: Gravitational 
Collapse to a singularity

Is this the Schwarzschild solution?

No!

Assume 
Singularity is 

physically 
compact

Schwarzschild

Robust?



Black Hole Information Problem

Enough Mass, 
Compact Volume

Planck Density
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Breaks down at rs

Remove singularity by co-ordinate change
Interior “radial’’ co-ordinate becomes time-like

Exterior metric is time dependent

Hawking Evaporation - black hole disappears
Problem: Form black hole with all kinds of stuff. 

Radiation Occurs outside Horizon.  

Black Hole has no hair 

Same final state irrespective of initial state

Hawking: Belief in Schwarzschild is Problematic



The Geometry After Collapse

Planck Density

Unknown Equation 
of Motion

Remains Inside Horizon 
Information Problem

ER = EPR



The Geometry After Collapse

Planck Density

Unknown Equation 
of Motion

Remains Inside Horizon 
Information Problem

Planck Density Object at 
Horizon Scale?

Observational and 
Theoretical Implications

Energy Conservation?

Planck Density ~ Mpl4 => black hole 
mass Mpl4 rs3 ~ M3/Mpl2 >> M

ER = EPR



Horizons in Reissner Nordstrom/Kerr

ds2 = �f (r) dt2 +
dr2

f (r)
+ r2d⌦2
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f (r) =
(r � r1) (r � r2)
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f (r) > 0
<latexit sha1_base64="5KH+clXotEAMEl5OdebDQNnwPy4=">AAAB/HicdZDLSgMxFIYzXmu9jXbpJliEuimpKLqSohuXFewFOkPJpJk2NHMhOSMMQ30VNy4UceuDuPNtzLRTUNEfAj/fOYdz8nuxFBoI+bSWlldW19ZLG+XNre2dXXtvv6OjRDHeZpGMVM+jmksR8jYIkLwXK04DT/KuN7nO6917rrSIwjtIY+4GdBQKXzAKBg3siu9I7kNNOUqMxnCMLzEZ2FVSPyO5MKmThSlIoyBVVKg1sD+cYcSSgIfAJNW63yAxuBlVIJjk07KTaB5TNqEj3jc2pAHXbjY7foqPDBliP1LmhYBn9PtERgOt08AznQGFsf5dy+FftX4C/oWbiTBOgIdsvshPJIYI50ngoVCcgUyNoUwJcytmY6ooA5NX2YSw+Cn+33RO6g3jb0+rzasijhI6QIeohhroHDXRDWqhNmIoRY/oGb1YD9aT9Wq9zVuXrGKmgn7Iev8CLrOTyw==</latexit><latexit sha1_base64="5KH+clXotEAMEl5OdebDQNnwPy4=">AAAB/HicdZDLSgMxFIYzXmu9jXbpJliEuimpKLqSohuXFewFOkPJpJk2NHMhOSMMQ30VNy4UceuDuPNtzLRTUNEfAj/fOYdz8nuxFBoI+bSWlldW19ZLG+XNre2dXXtvv6OjRDHeZpGMVM+jmksR8jYIkLwXK04DT/KuN7nO6917rrSIwjtIY+4GdBQKXzAKBg3siu9I7kNNOUqMxnCMLzEZ2FVSPyO5MKmThSlIoyBVVKg1sD+cYcSSgIfAJNW63yAxuBlVIJjk07KTaB5TNqEj3jc2pAHXbjY7foqPDBliP1LmhYBn9PtERgOt08AznQGFsf5dy+FftX4C/oWbiTBOgIdsvshPJIYI50ngoVCcgUyNoUwJcytmY6ooA5NX2YSw+Cn+33RO6g3jb0+rzasijhI6QIeohhroHDXRDWqhNmIoRY/oGb1YD9aT9Wq9zVuXrGKmgn7Iev8CLrOTyw==</latexit><latexit sha1_base64="5KH+clXotEAMEl5OdebDQNnwPy4=">AAAB/HicdZDLSgMxFIYzXmu9jXbpJliEuimpKLqSohuXFewFOkPJpJk2NHMhOSMMQ30VNy4UceuDuPNtzLRTUNEfAj/fOYdz8nuxFBoI+bSWlldW19ZLG+XNre2dXXtvv6OjRDHeZpGMVM+jmksR8jYIkLwXK04DT/KuN7nO6917rrSIwjtIY+4GdBQKXzAKBg3siu9I7kNNOUqMxnCMLzEZ2FVSPyO5MKmThSlIoyBVVKg1sD+cYcSSgIfAJNW63yAxuBlVIJjk07KTaB5TNqEj3jc2pAHXbjY7foqPDBliP1LmhYBn9PtERgOt08AznQGFsf5dy+FftX4C/oWbiTBOgIdsvshPJIYI50ngoVCcgUyNoUwJcytmY6ooA5NX2YSw+Cn+33RO6g3jb0+rzasijhI6QIeohhroHDXRDWqhNmIoRY/oGb1YD9aT9Wq9zVuXrGKmgn7Iev8CLrOTyw==</latexit><latexit sha1_base64="5KH+clXotEAMEl5OdebDQNnwPy4=">AAAB/HicdZDLSgMxFIYzXmu9jXbpJliEuimpKLqSohuXFewFOkPJpJk2NHMhOSMMQ30VNy4UceuDuPNtzLRTUNEfAj/fOYdz8nuxFBoI+bSWlldW19ZLG+XNre2dXXtvv6OjRDHeZpGMVM+jmksR8jYIkLwXK04DT/KuN7nO6917rrSIwjtIY+4GdBQKXzAKBg3siu9I7kNNOUqMxnCMLzEZ2FVSPyO5MKmThSlIoyBVVKg1sD+cYcSSgIfAJNW63yAxuBlVIJjk07KTaB5TNqEj3jc2pAHXbjY7foqPDBliP1LmhYBn9PtERgOt08AznQGFsf5dy+FftX4C/oWbiTBOgIdsvshPJIYI50ngoVCcgUyNoUwJcytmY6ooA5NX2YSw+Cn+33RO6g3jb0+rzasijhI6QIeohhroHDXRDWqhNmIoRY/oGb1YD9aT9Wq9zVuXrGKmgn7Iev8CLrOTyw==</latexit>

M, Q



Cauchy Horizons in Reissner Nordstrom/Kerr

ds2 = �f (r) dt2 +
dr2

f (r)
+ r2d⌦2

<latexit sha1_base64="nROCI9U4tQQsTnUZqWjFbkrUoRk="></latexit><latexit sha1_base64="nROCI9U4tQQsTnUZqWjFbkrUoRk="></latexit><latexit sha1_base64="nROCI9U4tQQsTnUZqWjFbkrUoRk="></latexit><latexit sha1_base64="nROCI9U4tQQsTnUZqWjFbkrUoRk="></latexit>

f (r) =
(r � r1) (r � r2)

r2
<latexit sha1_base64="jEe557fYIpiNfLlv3Fo8MD9HgyA=">AAACMHicdZDLSsNAFIYn9VbrrerSzWAR6sKSFEU3QtGFLivYCzSxTKaTdujkwsyJUEIeyY2PohsFRdz6FE7bFKrogYGf7z+HM+d3I8EVmOarkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TOpeBjcwihijk/6Afc4JaBRt3jl2YJ5UJa25P0BHOJzbHuS0CTD+AjLrjUz52E1g2ki76ppt1gyKyfmuLBZMWciI1ZGSiirerf4ZPdCGvssACqIUh3LjMBJiAROBUsLdqxYROiQ9FlHy4D4TDnJ5OAUH2jSw14o9QsAT+j8REJ8pUa+qzt9AgP12xvDv7xODN6Zk/AgioEFdLrIiwWGEI/Twz0uGQUx0oJQyfVfMR0QnRfojAs6hNml+H/RrFYsrW+OS7WLLI482kP7qIwsdIpq6BrVUQNR9ICe0Rt6Nx6NF+PD+Jy25oxsZhf9KOPrG4+oqBM=</latexit><latexit sha1_base64="jEe557fYIpiNfLlv3Fo8MD9HgyA=">AAACMHicdZDLSsNAFIYn9VbrrerSzWAR6sKSFEU3QtGFLivYCzSxTKaTdujkwsyJUEIeyY2PohsFRdz6FE7bFKrogYGf7z+HM+d3I8EVmOarkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TOpeBjcwihijk/6Afc4JaBRt3jl2YJ5UJa25P0BHOJzbHuS0CTD+AjLrjUz52E1g2ki76ppt1gyKyfmuLBZMWciI1ZGSiirerf4ZPdCGvssACqIUh3LjMBJiAROBUsLdqxYROiQ9FlHy4D4TDnJ5OAUH2jSw14o9QsAT+j8REJ8pUa+qzt9AgP12xvDv7xODN6Zk/AgioEFdLrIiwWGEI/Twz0uGQUx0oJQyfVfMR0QnRfojAs6hNml+H/RrFYsrW+OS7WLLI482kP7qIwsdIpq6BrVUQNR9ICe0Rt6Nx6NF+PD+Jy25oxsZhf9KOPrG4+oqBM=</latexit><latexit sha1_base64="jEe557fYIpiNfLlv3Fo8MD9HgyA=">AAACMHicdZDLSsNAFIYn9VbrrerSzWAR6sKSFEU3QtGFLivYCzSxTKaTdujkwsyJUEIeyY2PohsFRdz6FE7bFKrogYGf7z+HM+d3I8EVmOarkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TOpeBjcwihijk/6Afc4JaBRt3jl2YJ5UJa25P0BHOJzbHuS0CTD+AjLrjUz52E1g2ki76ppt1gyKyfmuLBZMWciI1ZGSiirerf4ZPdCGvssACqIUh3LjMBJiAROBUsLdqxYROiQ9FlHy4D4TDnJ5OAUH2jSw14o9QsAT+j8REJ8pUa+qzt9AgP12xvDv7xODN6Zk/AgioEFdLrIiwWGEI/Twz0uGQUx0oJQyfVfMR0QnRfojAs6hNml+H/RrFYsrW+OS7WLLI482kP7qIwsdIpq6BrVUQNR9ICe0Rt6Nx6NF+PD+Jy25oxsZhf9KOPrG4+oqBM=</latexit><latexit sha1_base64="jEe557fYIpiNfLlv3Fo8MD9HgyA=">AAACMHicdZDLSsNAFIYn9VbrrerSzWAR6sKSFEU3QtGFLivYCzSxTKaTdujkwsyJUEIeyY2PohsFRdz6FE7bFKrogYGf7z+HM+d3I8EVmOarkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TOpeBjcwihijk/6Afc4JaBRt3jl2YJ5UJa25P0BHOJzbHuS0CTD+AjLrjUz52E1g2ki76ppt1gyKyfmuLBZMWciI1ZGSiirerf4ZPdCGvssACqIUh3LjMBJiAROBUsLdqxYROiQ9FlHy4D4TDnJ5OAUH2jSw14o9QsAT+j8REJ8pUa+qzt9AgP12xvDv7xODN6Zk/AgioEFdLrIiwWGEI/Twz0uGQUx0oJQyfVfMR0QnRfojAs6hNml+H/RrFYsrW+OS7WLLI482kP7qIwsdIpq6BrVUQNR9ICe0Rt6Nx6NF+PD+Jy25oxsZhf9KOPrG4+oqBM=</latexit>

Can only be extended into a 
different universe

Subject to new boundary 
conditions, failure of predictivity

Large change to metric, no 
inner horizon

Fast, classical effect

Static Black Hole: Singularity at 
inner horizon?



Mass Inflation

r2
<latexit sha1_base64="977IrDWKHR7kHDQu3NFc1zm8L5c=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FSSouix6MVjRfsBbSib7aZdutmE3YlQSn+CFw+KePUXefPfuGlTUNEXFl6emWFn3iCRwqDrfjqFldW19Y3iZmlre2d3r7x/0DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjK+zevuBayNidY+ThPsRHSoRCkbRojvdr/XLFbd67mYibtVdmpx4OalArka//NEbxCyNuEImqTFdz03Qn1KNgkk+K/VSwxPKxnTIu9YqGnHjT+erzsiJJQMSxto+hWROv09MaWTMJApsZ0RxZH7XMvhXrZtieOlPhUpS5IotPgpTSTAm2d1kIDRnKCfWUKaF3ZWwEdWUoU2nZENYXkr+N61a1bP+9qxSv8rjKMIRHMMpeHABdbiBBjSBwRAe4RleHOk8Oa/O26K14OQzh/BDzvsXEqSNpQ==</latexit><latexit sha1_base64="977IrDWKHR7kHDQu3NFc1zm8L5c=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FSSouix6MVjRfsBbSib7aZdutmE3YlQSn+CFw+KePUXefPfuGlTUNEXFl6emWFn3iCRwqDrfjqFldW19Y3iZmlre2d3r7x/0DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjK+zevuBayNidY+ThPsRHSoRCkbRojvdr/XLFbd67mYibtVdmpx4OalArka//NEbxCyNuEImqTFdz03Qn1KNgkk+K/VSwxPKxnTIu9YqGnHjT+erzsiJJQMSxto+hWROv09MaWTMJApsZ0RxZH7XMvhXrZtieOlPhUpS5IotPgpTSTAm2d1kIDRnKCfWUKaF3ZWwEdWUoU2nZENYXkr+N61a1bP+9qxSv8rjKMIRHMMpeHABdbiBBjSBwRAe4RleHOk8Oa/O26K14OQzh/BDzvsXEqSNpQ==</latexit><latexit sha1_base64="977IrDWKHR7kHDQu3NFc1zm8L5c=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FSSouix6MVjRfsBbSib7aZdutmE3YlQSn+CFw+KePUXefPfuGlTUNEXFl6emWFn3iCRwqDrfjqFldW19Y3iZmlre2d3r7x/0DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjK+zevuBayNidY+ThPsRHSoRCkbRojvdr/XLFbd67mYibtVdmpx4OalArka//NEbxCyNuEImqTFdz03Qn1KNgkk+K/VSwxPKxnTIu9YqGnHjT+erzsiJJQMSxto+hWROv09MaWTMJApsZ0RxZH7XMvhXrZtieOlPhUpS5IotPgpTSTAm2d1kIDRnKCfWUKaF3ZWwEdWUoU2nZENYXkr+N61a1bP+9qxSv8rjKMIRHMMpeHABdbiBBjSBwRAe4RleHOk8Oa/O26K14OQzh/BDzvsXEqSNpQ==</latexit><latexit sha1_base64="977IrDWKHR7kHDQu3NFc1zm8L5c=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FSSouix6MVjRfsBbSib7aZdutmE3YlQSn+CFw+KePUXefPfuGlTUNEXFl6emWFn3iCRwqDrfjqFldW19Y3iZmlre2d3r7x/0DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjK+zevuBayNidY+ThPsRHSoRCkbRojvdr/XLFbd67mYibtVdmpx4OalArka//NEbxCyNuEImqTFdz03Qn1KNgkk+K/VSwxPKxnTIu9YqGnHjT+erzsiJJQMSxto+hWROv09MaWTMJApsZ0RxZH7XMvhXrZtieOlPhUpS5IotPgpTSTAm2d1kIDRnKCfWUKaF3ZWwEdWUoU2nZENYXkr+N61a1bP+9qxSv8rjKMIRHMMpeHABdbiBBjSBwRAe4RleHOk8Oa/O26K14OQzh/BDzvsXEqSNpQ==</latexit>

r1
<latexit sha1_base64="hc1y1N1KanLuPJ3wLEezHhZMo0g=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxom2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LQpqOgLCy/PzLAzb5BIYdB1P53S0vLK6lp5vbKxubW9U93da5s41Yy3WCxjfR9Qw6VQvIUCJb9PNKdRIHknGF/l9c4D10bE6g4nCfcjOlQiFIyiRbe67/WrNbd+5uYibt1dmIJ4BalBoWa/+tEbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXWsVjbjxs9mqU3JkyYCEsbZPIZnR7xMZjYyZRIHtjCiOzO9aDv+qdVMML/xMqCRFrtj8ozCVBGOS300GQnOGcmINZVrYXQkbUU0Z2nQqNoTFpeR/0z6pe9bfnNYal0UcZTiAQzgGD86hAdfQhBYwGMIjPMOLI50n59V5m7eWnGJmH37Ief8CESCNpA==</latexit><latexit sha1_base64="hc1y1N1KanLuPJ3wLEezHhZMo0g=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxom2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LQpqOgLCy/PzLAzb5BIYdB1P53S0vLK6lp5vbKxubW9U93da5s41Yy3WCxjfR9Qw6VQvIUCJb9PNKdRIHknGF/l9c4D10bE6g4nCfcjOlQiFIyiRbe67/WrNbd+5uYibt1dmIJ4BalBoWa/+tEbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXWsVjbjxs9mqU3JkyYCEsbZPIZnR7xMZjYyZRIHtjCiOzO9aDv+qdVMML/xMqCRFrtj8ozCVBGOS300GQnOGcmINZVrYXQkbUU0Z2nQqNoTFpeR/0z6pe9bfnNYal0UcZTiAQzgGD86hAdfQhBYwGMIjPMOLI50n59V5m7eWnGJmH37Ief8CESCNpA==</latexit><latexit sha1_base64="hc1y1N1KanLuPJ3wLEezHhZMo0g=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxom2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LQpqOgLCy/PzLAzb5BIYdB1P53S0vLK6lp5vbKxubW9U93da5s41Yy3WCxjfR9Qw6VQvIUCJb9PNKdRIHknGF/l9c4D10bE6g4nCfcjOlQiFIyiRbe67/WrNbd+5uYibt1dmIJ4BalBoWa/+tEbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXWsVjbjxs9mqU3JkyYCEsbZPIZnR7xMZjYyZRIHtjCiOzO9aDv+qdVMML/xMqCRFrtj8ozCVBGOS300GQnOGcmINZVrYXQkbUU0Z2nQqNoTFpeR/0z6pe9bfnNYal0UcZTiAQzgGD86hAdfQhBYwGMIjPMOLI50n59V5m7eWnGJmH37Ief8CESCNpA==</latexit><latexit sha1_base64="hc1y1N1KanLuPJ3wLEezHhZMo0g=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxom2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LQpqOgLCy/PzLAzb5BIYdB1P53S0vLK6lp5vbKxubW9U93da5s41Yy3WCxjfR9Qw6VQvIUCJb9PNKdRIHknGF/l9c4D10bE6g4nCfcjOlQiFIyiRbe67/WrNbd+5uYibt1dmIJ4BalBoWa/+tEbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXWsVjbjxs9mqU3JkyYCEsbZPIZnR7xMZjYyZRIHtjCiOzO9aDv+qdVMML/xMqCRFrtj8ozCVBGOS300GQnOGcmINZVrYXQkbUU0Z2nQqNoTFpeR/0z6pe9bfnNYal0UcZTiAQzgGD86hAdfQhBYwGMIjPMOLI50n59V5m7eWnGJmH37Ief8CESCNpA==</latexit>

Amplification, i.e. blue-shift, of perturbations: Er1 / E1

✓
r1

r � r1

◆

<latexit sha1_base64="7Bzgjjj3GN/3Uqpe2uQWavCwzh4="></latexit><latexit sha1_base64="7Bzgjjj3GN/3Uqpe2uQWavCwzh4="></latexit><latexit sha1_base64="7Bzgjjj3GN/3Uqpe2uQWavCwzh4="></latexit><latexit sha1_base64="7Bzgjjj3GN/3Uqpe2uQWavCwzh4="></latexit>

Significant local density, without changing external mass

Do we need external perturbations?

M, Q



Vacuum Instability

r2
<latexit sha1_base64="977IrDWKHR7kHDQu3NFc1zm8L5c=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FSSouix6MVjRfsBbSib7aZdutmE3YlQSn+CFw+KePUXefPfuGlTUNEXFl6emWFn3iCRwqDrfjqFldW19Y3iZmlre2d3r7x/0DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjK+zevuBayNidY+ThPsRHSoRCkbRojvdr/XLFbd67mYibtVdmpx4OalArka//NEbxCyNuEImqTFdz03Qn1KNgkk+K/VSwxPKxnTIu9YqGnHjT+erzsiJJQMSxto+hWROv09MaWTMJApsZ0RxZH7XMvhXrZtieOlPhUpS5IotPgpTSTAm2d1kIDRnKCfWUKaF3ZWwEdWUoU2nZENYXkr+N61a1bP+9qxSv8rjKMIRHMMpeHABdbiBBjSBwRAe4RleHOk8Oa/O26K14OQzh/BDzvsXEqSNpQ==</latexit><latexit sha1_base64="977IrDWKHR7kHDQu3NFc1zm8L5c=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FSSouix6MVjRfsBbSib7aZdutmE3YlQSn+CFw+KePUXefPfuGlTUNEXFl6emWFn3iCRwqDrfjqFldW19Y3iZmlre2d3r7x/0DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjK+zevuBayNidY+ThPsRHSoRCkbRojvdr/XLFbd67mYibtVdmpx4OalArka//NEbxCyNuEImqTFdz03Qn1KNgkk+K/VSwxPKxnTIu9YqGnHjT+erzsiJJQMSxto+hWROv09MaWTMJApsZ0RxZH7XMvhXrZtieOlPhUpS5IotPgpTSTAm2d1kIDRnKCfWUKaF3ZWwEdWUoU2nZENYXkr+N61a1bP+9qxSv8rjKMIRHMMpeHABdbiBBjSBwRAe4RleHOk8Oa/O26K14OQzh/BDzvsXEqSNpQ==</latexit><latexit sha1_base64="977IrDWKHR7kHDQu3NFc1zm8L5c=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FSSouix6MVjRfsBbSib7aZdutmE3YlQSn+CFw+KePUXefPfuGlTUNEXFl6emWFn3iCRwqDrfjqFldW19Y3iZmlre2d3r7x/0DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjK+zevuBayNidY+ThPsRHSoRCkbRojvdr/XLFbd67mYibtVdmpx4OalArka//NEbxCyNuEImqTFdz03Qn1KNgkk+K/VSwxPKxnTIu9YqGnHjT+erzsiJJQMSxto+hWROv09MaWTMJApsZ0RxZH7XMvhXrZtieOlPhUpS5IotPgpTSTAm2d1kIDRnKCfWUKaF3ZWwEdWUoU2nZENYXkr+N61a1bP+9qxSv8rjKMIRHMMpeHABdbiBBjSBwRAe4RleHOk8Oa/O26K14OQzh/BDzvsXEqSNpQ==</latexit><latexit sha1_base64="977IrDWKHR7kHDQu3NFc1zm8L5c=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FSSouix6MVjRfsBbSib7aZdutmE3YlQSn+CFw+KePUXefPfuGlTUNEXFl6emWFn3iCRwqDrfjqFldW19Y3iZmlre2d3r7x/0DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjK+zevuBayNidY+ThPsRHSoRCkbRojvdr/XLFbd67mYibtVdmpx4OalArka//NEbxCyNuEImqTFdz03Qn1KNgkk+K/VSwxPKxnTIu9YqGnHjT+erzsiJJQMSxto+hWROv09MaWTMJApsZ0RxZH7XMvhXrZtieOlPhUpS5IotPgpTSTAm2d1kIDRnKCfWUKaF3ZWwEdWUoU2nZENYXkr+N61a1bP+9qxSv8rjKMIRHMMpeHABdbiBBjSBwRAe4RleHOk8Oa/O26K14OQzh/BDzvsXEqSNpQ==</latexit>

r1
<latexit sha1_base64="hc1y1N1KanLuPJ3wLEezHhZMo0g=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxom2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LQpqOgLCy/PzLAzb5BIYdB1P53S0vLK6lp5vbKxubW9U93da5s41Yy3WCxjfR9Qw6VQvIUCJb9PNKdRIHknGF/l9c4D10bE6g4nCfcjOlQiFIyiRbe67/WrNbd+5uYibt1dmIJ4BalBoWa/+tEbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXWsVjbjxs9mqU3JkyYCEsbZPIZnR7xMZjYyZRIHtjCiOzO9aDv+qdVMML/xMqCRFrtj8ozCVBGOS300GQnOGcmINZVrYXQkbUU0Z2nQqNoTFpeR/0z6pe9bfnNYal0UcZTiAQzgGD86hAdfQhBYwGMIjPMOLI50n59V5m7eWnGJmH37Ief8CESCNpA==</latexit><latexit sha1_base64="hc1y1N1KanLuPJ3wLEezHhZMo0g=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxom2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LQpqOgLCy/PzLAzb5BIYdB1P53S0vLK6lp5vbKxubW9U93da5s41Yy3WCxjfR9Qw6VQvIUCJb9PNKdRIHknGF/l9c4D10bE6g4nCfcjOlQiFIyiRbe67/WrNbd+5uYibt1dmIJ4BalBoWa/+tEbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXWsVjbjxs9mqU3JkyYCEsbZPIZnR7xMZjYyZRIHtjCiOzO9aDv+qdVMML/xMqCRFrtj8ozCVBGOS300GQnOGcmINZVrYXQkbUU0Z2nQqNoTFpeR/0z6pe9bfnNYal0UcZTiAQzgGD86hAdfQhBYwGMIjPMOLI50n59V5m7eWnGJmH37Ief8CESCNpA==</latexit><latexit sha1_base64="hc1y1N1KanLuPJ3wLEezHhZMo0g=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxom2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LQpqOgLCy/PzLAzb5BIYdB1P53S0vLK6lp5vbKxubW9U93da5s41Yy3WCxjfR9Qw6VQvIUCJb9PNKdRIHknGF/l9c4D10bE6g4nCfcjOlQiFIyiRbe67/WrNbd+5uYibt1dmIJ4BalBoWa/+tEbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXWsVjbjxs9mqU3JkyYCEsbZPIZnR7xMZjYyZRIHtjCiOzO9aDv+qdVMML/xMqCRFrtj8ozCVBGOS300GQnOGcmINZVrYXQkbUU0Z2nQqNoTFpeR/0z6pe9bfnNYal0UcZTiAQzgGD86hAdfQhBYwGMIjPMOLI50n59V5m7eWnGJmH37Ief8CESCNpA==</latexit><latexit sha1_base64="hc1y1N1KanLuPJ3wLEezHhZMo0g=">AAAB6nicdZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxom2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LQpqOgLCy/PzLAzb5BIYdB1P53S0vLK6lp5vbKxubW9U93da5s41Yy3WCxjfR9Qw6VQvIUCJb9PNKdRIHknGF/l9c4D10bE6g4nCfcjOlQiFIyiRbe67/WrNbd+5uYibt1dmIJ4BalBoWa/+tEbxCyNuEImqTFdz03Qz6hGwSSfVnqp4QllYzrkXWsVjbjxs9mqU3JkyYCEsbZPIZnR7xMZjYyZRIHtjCiOzO9aDv+qdVMML/xMqCRFrtj8ozCVBGOS300GQnOGcmINZVrYXQkbUU0Z2nQqNoTFpeR/0z6pe9bfnNYal0UcZTiAQzgGD86hAdfQhBYwGMIjPMOLI50n59V5m7eWnGJmH37Ief8CESCNpA==</latexit>

M, Q

Φ

Compute Tμν

Regular Metric 
Get New Divergence

Low curvature - ought to trust General Relativity

But, massive quantum back-reaction.  
Singularity at the scale of the inner-horizon

Planck density at the inner-horizon, no change to external mass



Outer Horizon

Posit that matter stops 
collapsing at Planck DensityGravitational 

Collapse

Outer Horizon

Inner Horizon 
(collapse halted)

Φ

Compute Tμν

Get New Divergence
Planck Density Matter 

FattenedInstability moves outward
Naturally stops just outside 

outer horizon
Simple hypothesis extends mass-inflation instability to outer horizon

Planck Density object at horizon scale - no change to 
external parameters of the black hole



Co-ordinate Singularity?

ds2 = �
⇣
1� rs

r

⌘
dt2 +

⇣
1� rs

r

⌘�1
dr2 + r2d⌦2

Breaks down at rs

Remove singularity by co-ordinate change
Interior “radial’’ co-ordinate becomes time-like

How innocuous are these co-ordinate transformation? 

ds2 = �f (r) dt2 +
dr2

f (r)
+ r2d⌦2

<latexit sha1_base64="nROCI9U4tQQsTnUZqWjFbkrUoRk="></latexit><latexit sha1_base64="nROCI9U4tQQsTnUZqWjFbkrUoRk="></latexit><latexit sha1_base64="nROCI9U4tQQsTnUZqWjFbkrUoRk="></latexit><latexit sha1_base64="nROCI9U4tQQsTnUZqWjFbkrUoRk="></latexit>

f (r) =
(r � r1) (r � r2)

r2
<latexit sha1_base64="jEe557fYIpiNfLlv3Fo8MD9HgyA=">AAACMHicdZDLSsNAFIYn9VbrrerSzWAR6sKSFEU3QtGFLivYCzSxTKaTdujkwsyJUEIeyY2PohsFRdz6FE7bFKrogYGf7z+HM+d3I8EVmOarkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TOpeBjcwihijk/6Afc4JaBRt3jl2YJ5UJa25P0BHOJzbHuS0CTD+AjLrjUz52E1g2ki76ppt1gyKyfmuLBZMWciI1ZGSiirerf4ZPdCGvssACqIUh3LjMBJiAROBUsLdqxYROiQ9FlHy4D4TDnJ5OAUH2jSw14o9QsAT+j8REJ8pUa+qzt9AgP12xvDv7xODN6Zk/AgioEFdLrIiwWGEI/Twz0uGQUx0oJQyfVfMR0QnRfojAs6hNml+H/RrFYsrW+OS7WLLI482kP7qIwsdIpq6BrVUQNR9ICe0Rt6Nx6NF+PD+Jy25oxsZhf9KOPrG4+oqBM=</latexit><latexit sha1_base64="jEe557fYIpiNfLlv3Fo8MD9HgyA=">AAACMHicdZDLSsNAFIYn9VbrrerSzWAR6sKSFEU3QtGFLivYCzSxTKaTdujkwsyJUEIeyY2PohsFRdz6FE7bFKrogYGf7z+HM+d3I8EVmOarkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TOpeBjcwihijk/6Afc4JaBRt3jl2YJ5UJa25P0BHOJzbHuS0CTD+AjLrjUz52E1g2ki76ppt1gyKyfmuLBZMWciI1ZGSiirerf4ZPdCGvssACqIUh3LjMBJiAROBUsLdqxYROiQ9FlHy4D4TDnJ5OAUH2jSw14o9QsAT+j8REJ8pUa+qzt9AgP12xvDv7xODN6Zk/AgioEFdLrIiwWGEI/Twz0uGQUx0oJQyfVfMR0QnRfojAs6hNml+H/RrFYsrW+OS7WLLI482kP7qIwsdIpq6BrVUQNR9ICe0Rt6Nx6NF+PD+Jy25oxsZhf9KOPrG4+oqBM=</latexit><latexit sha1_base64="jEe557fYIpiNfLlv3Fo8MD9HgyA=">AAACMHicdZDLSsNAFIYn9VbrrerSzWAR6sKSFEU3QtGFLivYCzSxTKaTdujkwsyJUEIeyY2PohsFRdz6FE7bFKrogYGf7z+HM+d3I8EVmOarkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TOpeBjcwihijk/6Afc4JaBRt3jl2YJ5UJa25P0BHOJzbHuS0CTD+AjLrjUz52E1g2ki76ppt1gyKyfmuLBZMWciI1ZGSiirerf4ZPdCGvssACqIUh3LjMBJiAROBUsLdqxYROiQ9FlHy4D4TDnJ5OAUH2jSw14o9QsAT+j8REJ8pUa+qzt9AgP12xvDv7xODN6Zk/AgioEFdLrIiwWGEI/Twz0uGQUx0oJQyfVfMR0QnRfojAs6hNml+H/RrFYsrW+OS7WLLI482kP7qIwsdIpq6BrVUQNR9ICe0Rt6Nx6NF+PD+Jy25oxsZhf9KOPrG4+oqBM=</latexit><latexit sha1_base64="jEe557fYIpiNfLlv3Fo8MD9HgyA=">AAACMHicdZDLSsNAFIYn9VbrrerSzWAR6sKSFEU3QtGFLivYCzSxTKaTdujkwsyJUEIeyY2PohsFRdz6FE7bFKrogYGf7z+HM+d3I8EVmOarkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TOpeBjcwihijk/6Afc4JaBRt3jl2YJ5UJa25P0BHOJzbHuS0CTD+AjLrjUz52E1g2ki76ppt1gyKyfmuLBZMWciI1ZGSiirerf4ZPdCGvssACqIUh3LjMBJiAROBUsLdqxYROiQ9FlHy4D4TDnJ5OAUH2jSw14o9QsAT+j8REJ8pUa+qzt9AgP12xvDv7xODN6Zk/AgioEFdLrIiwWGEI/Twz0uGQUx0oJQyfVfMR0QnRfojAs6hNml+H/RrFYsrW+OS7WLLI482kP7qIwsdIpq6BrVUQNR9ICe0Rt6Nx6NF+PD+Jy25oxsZhf9KOPrG4+oqBM=</latexit>

Breaks down at r1,2



The Laws of Nature
<latexit sha1_base64="JBO3G6AbFZm0ob5NCwN8QB2MEms=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISURqW6EopsuK9gHNKVMJpN26GQSZm6EEvsTbvwVNy4UcSu482+cPha29cCFwzn3cu89fiK4Bsf5sXIrq2vrG/nNwtb2zu6evX/Q0HGqKKvTWMSq5RPNBJesDhwEayWKkcgXrOkPbsd+84EpzWN5D8OEdSLSkzzklICRuvYZx16oCM0C/OjVNPcUkT3BRlkAI3yNq3Nq1y46JWcCvEzcGSmiGWpd+9sLYppGTAIVROu26yTQyYgCTs2SgpdqlhA6ID3WNlSSiOlONvlqhE+MEuAwVqYk4In6dyIjkdbDyDedEYG+XvTG4n9eO4XwqpNxmaTAJJ0uClOBIcbjiHDAFaMghoYQqri5FdM+MSGBCbJgQnAXX14mjfOSWy6V7y6KlZtZHHl0hI7RKXLRJaqgKqqhOqLoCb2gN/RuPVuv1of1OW3NWbOZQzQH6+sXIO+e0g==</latexit>

i
d|!→
dt

= H|!→

Quantum Field Theory Is Supreme

Coherent State |ψ>

Classical Electromagnetism, General Relativity etc.

Quantum Field Theory and Classical General Relativity are not “co-
equal”. Any more so than QED and Classical Electromagnetism

Basic Axioms should be set by Quantum Mechanics 
Relativity is a symmetry of the Hamiltonian



The Laws of Nature

Spatial Manifold 
Define a Hilbert space and 

quantum operators

<latexit sha1_base64="JBO3G6AbFZm0ob5NCwN8QB2MEms=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISURqW6EopsuK9gHNKVMJpN26GQSZm6EEvsTbvwVNy4UcSu482+cPha29cCFwzn3cu89fiK4Bsf5sXIrq2vrG/nNwtb2zu6evX/Q0HGqKKvTWMSq5RPNBJesDhwEayWKkcgXrOkPbsd+84EpzWN5D8OEdSLSkzzklICRuvYZx16oCM0C/OjVNPcUkT3BRlkAI3yNq3Nq1y46JWcCvEzcGSmiGWpd+9sLYppGTAIVROu26yTQyYgCTs2SgpdqlhA6ID3WNlSSiOlONvlqhE+MEuAwVqYk4In6dyIjkdbDyDedEYG+XvTG4n9eO4XwqpNxmaTAJJ0uClOBIcbjiHDAFaMghoYQqri5FdM+MSGBCbJgQnAXX14mjfOSWy6V7y6KlZtZHHl0hI7RKXLRJaqgKqqhOqLoCb2gN/RuPVuv1of1OW3NWbOZQzQH6+sXIO+e0g==</latexit>

i
d|!→
dt

= H|!→
<latexit sha1_base64="0LobvUThShG7r/+Pkm3ah18GfP8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N0KJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCalGwSU2DTcCO4lCGoUC2+H4dua3H1FpHssHM0kwiOhQ8gFn1FjJf/IbmvuKyqHAXrniVt05yCrxclKBHI1e+cvvxyyNUBomqNZdz01MkFFlOBM4LfmpxoSyMR1i11JJI9RBNr95Ss6s0ieDWNmShszV3xMZjbSeRKHtjKgZ6WVvJv7ndVMzuA4yLpPUoGSLRYNUEBOTWQCkzxUyIyaWUKa4vZWwEVWUGRtTyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjBI4Ble4c1JnRfn3flYtBacfOYY/sD5/AE+LZHW</latexit>

|!→

Time: Evolution in Hilbert 
space. Characterized by a 

parameterization 

<latexit sha1_base64="8GHIpGSq8OEKIPMKfFhUiU+X2bE=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gOaWDbbSbt0swm7G6XE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSDhT2nG+rcLK6tr6RnGztLW9s7tX3j9oqTiVFJs05rHsBEQhZwKbmmmOnUQiiQKO7WB0PfXbDygVi8WdHifoR2QgWMgo0Ua6f/IaQ9ZzPUnEgGOvXHGqzgz2MnFzUoEcjV75y+vHNI1QaMqJUl3XSbSfEakZ5TgpeanChNARGWDXUEEiVH42u3pinxilb4exNCW0PVN/T2QkUmocBaYzInqoFr2p+J/XTXV46WdMJKlGQeeLwpTbOranEdh9JpFqPjaEUMnMrTYdEkmoNkGVTAju4svLpHVWdWvV2u15pX6Vx1GEIziGU3DhAupwAw1oAgUJz/AKb9aj9WK9Wx/z1oKVzxzCH1ifP1mvkm8=</latexit>

|!1→

<latexit sha1_base64="WAfMGQT/eea09p5CN6SImoqTH0E=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laRI9Vj04rGC/YAmls120i7dbMLuRimx/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLEs6Udpxva2V1bX1js7BV3N7Z3dsvHRy2VJxKik0a81h2AqKQM4FNzTTHTiKRRAHHdjC6nvrtB5SKxeJOjxP0IzIQLGSUaCPdP3mNIetVPUnEgGOvVHYqzgz2MnFzUoYcjV7py+vHNI1QaMqJUl3XSbSfEakZ5TgpeqnChNARGWDXUEEiVH42u3pinxqlb4exNCW0PVN/T2QkUmocBaYzInqoFr2p+J/XTXV46WdMJKlGQeeLwpTbOranEdh9JpFqPjaEUMnMrTYdEkmoNkEVTQju4svLpFWtuLVK7fa8XL/K4yjAMZzAGbhwAXW4gQY0gYKEZ3iFN+vRerHerY9564qVzxzBH1ifP1s6knA=</latexit>

|!2→
<latexit sha1_base64="PxRtB+v+TxIxMj28ISzjpWbwIvg="></latexit>

|!→ = c1 (t) |”1→+ c2 (t) |”2→

Relativity
The Hamiltonian H has symmetries allowing for Lorenz 

invariant vacuum

When can you swap time and space?



Swapping Time and Space?

Suppose Spatial Manifold is 
discrete at some incredibly 
small scale e.g. 10-100000m

<latexit sha1_base64="0LobvUThShG7r/+Pkm3ah18GfP8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy203bpZhN2N0KJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCalGwSU2DTcCO4lCGoUC2+H4dua3H1FpHssHM0kwiOhQ8gFn1FjJf/IbmvuKyqHAXrniVt05yCrxclKBHI1e+cvvxyyNUBomqNZdz01MkFFlOBM4LfmpxoSyMR1i11JJI9RBNr95Ss6s0ieDWNmShszV3xMZjbSeRKHtjKgZ6WVvJv7ndVMzuA4yLpPUoGSLRYNUEBOTWQCkzxUyIyaWUKa4vZWwEVWUGRtTyYbgLb+8SloXVa9Wrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjBI4Ble4c1JnRfn3flYtBacfOYY/sD5/AE+LZHW</latexit>

|!→t

<latexit sha1_base64="JBO3G6AbFZm0ob5NCwN8QB2MEms=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISURqW6EopsuK9gHNKVMJpN26GQSZm6EEvsTbvwVNy4UcSu482+cPha29cCFwzn3cu89fiK4Bsf5sXIrq2vrG/nNwtb2zu6evX/Q0HGqKKvTWMSq5RPNBJesDhwEayWKkcgXrOkPbsd+84EpzWN5D8OEdSLSkzzklICRuvYZx16oCM0C/OjVNPcUkT3BRlkAI3yNq3Nq1y46JWcCvEzcGSmiGWpd+9sLYppGTAIVROu26yTQyYgCTs2SgpdqlhA6ID3WNlSSiOlONvlqhE+MEuAwVqYk4In6dyIjkdbDyDedEYG+XvTG4n9eO4XwqpNxmaTAJJ0uClOBIcbjiHDAFaMghoYQqri5FdM+MSGBCbJgQnAXX14mjfOSWy6V7y6KlZtZHHl0hI7RKXLRJaqgKqqhOqLoCb2gN/RuPVuv1of1OW3NWbOZQzQH6+sXIO+e0g==</latexit>

i
d|!→
dt

= H|!→

Can still do time evolution 

But can no longer swap continuous time with discrete space

ds2 = �f (r) dt2 +
dr2

f (r)
+ r2d⌦2

<latexit sha1_base64="nROCI9U4tQQsTnUZqWjFbkrUoRk="></latexit><latexit sha1_base64="nROCI9U4tQQsTnUZqWjFbkrUoRk="></latexit><latexit sha1_base64="nROCI9U4tQQsTnUZqWjFbkrUoRk="></latexit><latexit sha1_base64="nROCI9U4tQQsTnUZqWjFbkrUoRk="></latexit>

f (r) =
(r � r1) (r � r2)

r2
<latexit sha1_base64="jEe557fYIpiNfLlv3Fo8MD9HgyA=">AAACMHicdZDLSsNAFIYn9VbrrerSzWAR6sKSFEU3QtGFLivYCzSxTKaTdujkwsyJUEIeyY2PohsFRdz6FE7bFKrogYGf7z+HM+d3I8EVmOarkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TOpeBjcwihijk/6Afc4JaBRt3jl2YJ5UJa25P0BHOJzbHuS0CTD+AjLrjUz52E1g2ki76ppt1gyKyfmuLBZMWciI1ZGSiirerf4ZPdCGvssACqIUh3LjMBJiAROBUsLdqxYROiQ9FlHy4D4TDnJ5OAUH2jSw14o9QsAT+j8REJ8pUa+qzt9AgP12xvDv7xODN6Zk/AgioEFdLrIiwWGEI/Twz0uGQUx0oJQyfVfMR0QnRfojAs6hNml+H/RrFYsrW+OS7WLLI482kP7qIwsdIpq6BrVUQNR9ICe0Rt6Nx6NF+PD+Jy25oxsZhf9KOPrG4+oqBM=</latexit><latexit sha1_base64="jEe557fYIpiNfLlv3Fo8MD9HgyA=">AAACMHicdZDLSsNAFIYn9VbrrerSzWAR6sKSFEU3QtGFLivYCzSxTKaTdujkwsyJUEIeyY2PohsFRdz6FE7bFKrogYGf7z+HM+d3I8EVmOarkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TOpeBjcwihijk/6Afc4JaBRt3jl2YJ5UJa25P0BHOJzbHuS0CTD+AjLrjUz52E1g2ki76ppt1gyKyfmuLBZMWciI1ZGSiirerf4ZPdCGvssACqIUh3LjMBJiAROBUsLdqxYROiQ9FlHy4D4TDnJ5OAUH2jSw14o9QsAT+j8REJ8pUa+qzt9AgP12xvDv7xODN6Zk/AgioEFdLrIiwWGEI/Twz0uGQUx0oJQyfVfMR0QnRfojAs6hNml+H/RrFYsrW+OS7WLLI482kP7qIwsdIpq6BrVUQNR9ICe0Rt6Nx6NF+PD+Jy25oxsZhf9KOPrG4+oqBM=</latexit><latexit sha1_base64="jEe557fYIpiNfLlv3Fo8MD9HgyA=">AAACMHicdZDLSsNAFIYn9VbrrerSzWAR6sKSFEU3QtGFLivYCzSxTKaTdujkwsyJUEIeyY2PohsFRdz6FE7bFKrogYGf7z+HM+d3I8EVmOarkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TOpeBjcwihijk/6Afc4JaBRt3jl2YJ5UJa25P0BHOJzbHuS0CTD+AjLrjUz52E1g2ki76ppt1gyKyfmuLBZMWciI1ZGSiirerf4ZPdCGvssACqIUh3LjMBJiAROBUsLdqxYROiQ9FlHy4D4TDnJ5OAUH2jSw14o9QsAT+j8REJ8pUa+qzt9AgP12xvDv7xODN6Zk/AgioEFdLrIiwWGEI/Twz0uGQUx0oJQyfVfMR0QnRfojAs6hNml+H/RrFYsrW+OS7WLLI482kP7qIwsdIpq6BrVUQNR9ICe0Rt6Nx6NF+PD+Jy25oxsZhf9KOPrG4+oqBM=</latexit><latexit sha1_base64="jEe557fYIpiNfLlv3Fo8MD9HgyA=">AAACMHicdZDLSsNAFIYn9VbrrerSzWAR6sKSFEU3QtGFLivYCzSxTKaTdujkwsyJUEIeyY2PohsFRdz6FE7bFKrogYGf7z+HM+d3I8EVmOarkVtYXFpeya8W1tY3NreK2ztNFcaSsgYNRSjbLlFM8IA1gINg7Ugy4ruCtdzh5dhv3TOpeBjcwihijk/6Afc4JaBRt3jl2YJ5UJa25P0BHOJzbHuS0CTD+AjLrjUz52E1g2ki76ppt1gyKyfmuLBZMWciI1ZGSiirerf4ZPdCGvssACqIUh3LjMBJiAROBUsLdqxYROiQ9FlHy4D4TDnJ5OAUH2jSw14o9QsAT+j8REJ8pUa+qzt9AgP12xvDv7xODN6Zk/AgioEFdLrIiwWGEI/Twz0uGQUx0oJQyfVfMR0QnRfojAs6hNml+H/RrFYsrW+OS7WLLI482kP7qIwsdIpq6BrVUQNR9ICe0Rt6Nx6NF+PD+Jy25oxsZhf9KOPrG4+oqBM=</latexit>

Co-ordinate transformations swapping t and r are super UV sensitive

Should we keep doing them in light of paradoxes?



Black Hole Geometry
Gravitational Collapse Occurs, Planck Density Object forms

No known equation of motion for this object
Does this object stay inside the horizon or not?

Opinion A

Yes
Hawking: Unstable

Set by exterior geometry

Information Problem

Solution
ER = EPR

Opinion B

No
Stop collapsing at 

Planck density

Use Mass Inflation - 
vacuum instability

Horizon-less object
Co-ordinate transform 

UV sensitive
Observational 

Consequences?



What do we observationally know about Black Holes?
LIGO and Event Horizon Telescope

Singularity  
Inside Horizon

Horizon Scale 
Singularity  

ds2 = �
⇣
1� rs

r

⌘
dt2 +

⇣
1� rs

r

⌘�1
dr2 + r2d⌦2

Metric for r > rs

Dramatic Difference  r <= rs

How easy is it for information to get from just outside the horizon to us?



The Photon Sphere

Drop particle from infinity

Radial Direction dramatically boosted

Tangential Direction not boosted

Particle hits horizon radially

Escapes only if emitted highly radially 
i.e. zero angular momentum

Emission with angular momentum 
falls back in

Angular momentum barrier @ photon 
sphere

LIGO, Event Horizon Telescope: Probes Photon Sphere not Event Horizon



Black Hole Limits
Use to place limits

Hawking Evaporation
Limit on Primordial 

Black holes
Super-radiance Limits on New 
Particles without interactions

Not Robust 
Given photon sphere, finding “forbidden’’ objects may be best 

hope of uncovering physics of the event horizon


