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Not all of the Swampland is equally Swampy:

Most of is based on evidence

Sometimes whole classes of models!

Part of it is rigorously proven

No global symmetries in AdS = Noether’s theorem in CFT 
[Beem-Lemos-Liendo-Rastelli-van Rees ’14]

The WGC: Three proofs in one workshop 
(see Shiu & Remmen’s talks)!



I will present a “physics proof” of the WGC, to appear (very?) soon. 

Like any other proof, it has some assumptions:

Holography: Statements only in AdS, use CFT dual

Validity of large N expansion/semiclassical bulk EFT

No use of usual crutches: SUSY or even (directly) String Theory

Result similar to the original WGC heuristics:  
 
                      “BH’s have to decay because of entropy”  
 
 



I will present a “physics proof” of the WGC, to appear (very?) soon. 

Like any other proof, it has some assumptions:

Holography: Statements only in AdS, use CFT dual

Validity of large N expansion/semiclassical bulk EFT

No use of usual crutches: SUSY or even (directly) String Theory

Result similar to the original WGC heuristics:  
 
         “BH’s have to decay because of entanglement entropy”  
 
 



I will present a “physics proof” of the WGC, to appear (very?) soon. 

Like any other proof, it has some assumptions:

Holography: Statements only in AdS, use CFT dual

Validity of large N expansion/semiclassical bulk EFT

No use of usual crutches: SUSY or even (directly) String Theory

Result similar to the original WGC heuristics:  
 
         “BH’s have to decay because of entanglement entropy”  
 
Exactly stable extremal black branes lead to contradiction with rigorous 
quantum info theorems.



Argument by contradiction:  Take a WGC-violating EFT in AdS, and derive an 
inconsistency.

For concreteness, focus on Einstein-Maxwell-AdS (+possibly charged matter).  
 

This theory has black brane solutions 
 
 
 

There is a horizon at a finite radius 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We will play a game with two players: 

Thermodynamics

Holographic entanglement entropy

We will look at these two things on states described by the 
extremal black brane mentioned above.  

Always work on CFT on Rd / AdSd+1 in the Poincaré patch.



Holography 101: In the large N limit, the bulk EFT tells us about the 
thermodynamics of the dual CFT! 
 

Black brane has temp. β and voltage μ. It controls thermo of CFT in Rd 
with temp. β and chemical pot μ [Chamblin-Emparan-Johnson-Myers ’99] 
 
 

At β→∞, ground state of CFT becomes dual to the extremal black 
brane. This has finite entropy density and linear heat capacity at low T.  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Ryu-Takayanagi ’06 told us 
what the large N limit of EE 
(on semiclassical states) is:  
 

We like to study scaling of EE 
with size of S. Several 
possibilities:  

Volume law

Area law (typical of 
ground states)

SEE =
AExtremal
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RT surface
<latexit sha1_base64="7GIEX+a8jQr6/Tma/X2yhN7OXl0=">AAACCXicbZC7TsMwFIYdrqXcUhhZLCokpipBSDBWsDAW1JvURpXjnrRWnYvsE6CK+gQ8AyvMbIiVp2DkTXBLBtryT7/P/1s+/vxECo2O82WtrK6tb2wWtorbO7t7+3bpoKnjVHFo8FjGqu0zDVJE0ECBEtqJAhb6Elr+6Hqat+5BaRFHdRwn4IVsEIlAcIZm1LNLXYRHzO7qVKcqYBwmPbvsVJyZ6LJxc1MmuWo9+7vbj3kaQoRcMq07rpOglzGFgkuYFLuphoTxERtAx9iIhaC9bLb6hJ4EsaI4BDo7/+1mLNR6HPqmEzIc6sVsOvwv66QYXHqZiJIUIeKmYrIglRRjOiVA+0IBRzk2hnElzJaUD5liHA2nuVe0+c4Q+pOiYeIuElg2zbOK61Tc2/Ny9SqnUyBH5JicEpdckCq5ITXSIJw8kGfyQl6tJ+vNerc+fqsrVn7nkMzJ+vwBbaqaiw==</latexit><latexit sha1_base64="7GIEX+a8jQr6/Tma/X2yhN7OXl0=">AAACCXicbZC7TsMwFIYdrqXcUhhZLCokpipBSDBWsDAW1JvURpXjnrRWnYvsE6CK+gQ8AyvMbIiVp2DkTXBLBtryT7/P/1s+/vxECo2O82WtrK6tb2wWtorbO7t7+3bpoKnjVHFo8FjGqu0zDVJE0ECBEtqJAhb6Elr+6Hqat+5BaRFHdRwn4IVsEIlAcIZm1LNLXYRHzO7qVKcqYBwmPbvsVJyZ6LJxc1MmuWo9+7vbj3kaQoRcMq07rpOglzGFgkuYFLuphoTxERtAx9iIhaC9bLb6hJ4EsaI4BDo7/+1mLNR6HPqmEzIc6sVsOvwv66QYXHqZiJIUIeKmYrIglRRjOiVA+0IBRzk2hnElzJaUD5liHA2nuVe0+c4Q+pOiYeIuElg2zbOK61Tc2/Ny9SqnUyBH5JicEpdckCq5ITXSIJw8kGfyQl6tJ+vNerc+fqsrVn7nkMzJ+vwBbaqaiw==</latexit><latexit sha1_base64="7GIEX+a8jQr6/Tma/X2yhN7OXl0=">AAACCXicbZC7TsMwFIYdrqXcUhhZLCokpipBSDBWsDAW1JvURpXjnrRWnYvsE6CK+gQ8AyvMbIiVp2DkTXBLBtryT7/P/1s+/vxECo2O82WtrK6tb2wWtorbO7t7+3bpoKnjVHFo8FjGqu0zDVJE0ECBEtqJAhb6Elr+6Hqat+5BaRFHdRwn4IVsEIlAcIZm1LNLXYRHzO7qVKcqYBwmPbvsVJyZ6LJxc1MmuWo9+7vbj3kaQoRcMq07rpOglzGFgkuYFLuphoTxERtAx9iIhaC9bLb6hJ4EsaI4BDo7/+1mLNR6HPqmEzIc6sVsOvwv66QYXHqZiJIUIeKmYrIglRRjOiVA+0IBRzk2hnElzJaUD5liHA2nuVe0+c4Q+pOiYeIuElg2zbOK61Tc2/Ny9SqnUyBH5JicEpdckCq5ITXSIJw8kGfyQl6tJ+vNerc+fqsrVn7nkMzJ+vwBbaqaiw==</latexit><latexit sha1_base64="7GIEX+a8jQr6/Tma/X2yhN7OXl0=">AAACCXicbZC7TsMwFIYdrqXcUhhZLCokpipBSDBWsDAW1JvURpXjnrRWnYvsE6CK+gQ8AyvMbIiVp2DkTXBLBtryT7/P/1s+/vxECo2O82WtrK6tb2wWtorbO7t7+3bpoKnjVHFo8FjGqu0zDVJE0ECBEtqJAhb6Elr+6Hqat+5BaRFHdRwn4IVsEIlAcIZm1LNLXYRHzO7qVKcqYBwmPbvsVJyZ6LJxc1MmuWo9+7vbj3kaQoRcMq07rpOglzGFgkuYFLuphoTxERtAx9iIhaC9bLb6hJ4EsaI4BDo7/+1mLNR6HPqmEzIc6sVsOvwv66QYXHqZiJIUIeKmYrIglRRjOiVA+0IBRzk2hnElzJaUD5liHA2nuVe0+c4Q+pOiYeIuElg2zbOK61Tc2/Ny9SqnUyBH5JicEpdckCq5ITXSIJw8kGfyQl6tJ+vNerc+fqsrVn7nkMzJ+vwBbaqaiw==</latexit>

Boundary
<latexit sha1_base64="91KmeSwwIojqVQuSeAzbGfMz9d8=">AAACB3icbVC7TsNAEDzzDOERAyWNRYREFdkICcooNJRBIg8psaLzeZ2ccn7obo2wLH8A30ALNR2i5TMo+RMuwQVJmGp2Z1a7O14iuELb/jLW1jc2t7YrO9Xdvf2Dmnl41FVxKhl0WCxi2feoAsEj6CBHAf1EAg09AT1vejPTew8gFY+je8wScEM6jnjAGUXdGpm1IcIj5q04jXwqs2Jk1u2GPYe1SpyS1EmJ9sj8HvoxS0OIkAmq1MCxE3RzKpEzAUV1mCpIKJvSMQw0jWgIys3nhxfWWRBLCydgzeu/3pyGSmWhpz0hxYla1mbN/7RBisG1m/MoSREipi1aC1JhYWzN/rd8LoGhyDShTHJ9pcUmVFKGOqWFLUq/MwG/qOpMnOUEVkn3ouHYDefust5slelUyAk5JefEIVekSW5Jm3QIIyl5Ji/k1Xgy3ox34+PXumaUM8dkAcbnD3B2mgw=</latexit><latexit sha1_base64="91KmeSwwIojqVQuSeAzbGfMz9d8=">AAACB3icbVC7TsNAEDzzDOERAyWNRYREFdkICcooNJRBIg8psaLzeZ2ccn7obo2wLH8A30ALNR2i5TMo+RMuwQVJmGp2Z1a7O14iuELb/jLW1jc2t7YrO9Xdvf2Dmnl41FVxKhl0WCxi2feoAsEj6CBHAf1EAg09AT1vejPTew8gFY+je8wScEM6jnjAGUXdGpm1IcIj5q04jXwqs2Jk1u2GPYe1SpyS1EmJ9sj8HvoxS0OIkAmq1MCxE3RzKpEzAUV1mCpIKJvSMQw0jWgIys3nhxfWWRBLCydgzeu/3pyGSmWhpz0hxYla1mbN/7RBisG1m/MoSREipi1aC1JhYWzN/rd8LoGhyDShTHJ9pcUmVFKGOqWFLUq/MwG/qOpMnOUEVkn3ouHYDefust5slelUyAk5JefEIVekSW5Jm3QIIyl5Ji/k1Xgy3ox34+PXumaUM8dkAcbnD3B2mgw=</latexit><latexit sha1_base64="91KmeSwwIojqVQuSeAzbGfMz9d8=">AAACB3icbVC7TsNAEDzzDOERAyWNRYREFdkICcooNJRBIg8psaLzeZ2ccn7obo2wLH8A30ALNR2i5TMo+RMuwQVJmGp2Z1a7O14iuELb/jLW1jc2t7YrO9Xdvf2Dmnl41FVxKhl0WCxi2feoAsEj6CBHAf1EAg09AT1vejPTew8gFY+je8wScEM6jnjAGUXdGpm1IcIj5q04jXwqs2Jk1u2GPYe1SpyS1EmJ9sj8HvoxS0OIkAmq1MCxE3RzKpEzAUV1mCpIKJvSMQw0jWgIys3nhxfWWRBLCydgzeu/3pyGSmWhpz0hxYla1mbN/7RBisG1m/MoSREipi1aC1JhYWzN/rd8LoGhyDShTHJ9pcUmVFKGOqWFLUq/MwG/qOpMnOUEVkn3ouHYDefust5slelUyAk5JefEIVekSW5Jm3QIIyl5Ji/k1Xgy3ox34+PXumaUM8dkAcbnD3B2mgw=</latexit><latexit sha1_base64="91KmeSwwIojqVQuSeAzbGfMz9d8=">AAACB3icbVC7TsNAEDzzDOERAyWNRYREFdkICcooNJRBIg8psaLzeZ2ccn7obo2wLH8A30ALNR2i5TMo+RMuwQVJmGp2Z1a7O14iuELb/jLW1jc2t7YrO9Xdvf2Dmnl41FVxKhl0WCxi2feoAsEj6CBHAf1EAg09AT1vejPTew8gFY+je8wScEM6jnjAGUXdGpm1IcIj5q04jXwqs2Jk1u2GPYe1SpyS1EmJ9sj8HvoxS0OIkAmq1MCxE3RzKpEzAUV1mCpIKJvSMQw0jWgIys3nhxfWWRBLCydgzeu/3pyGSmWhpz0hxYla1mbN/7RBisG1m/MoSREipi1aC1JhYWzN/rd8LoGhyDShTHJ9pcUmVFKGOqWFLUq/MwG/qOpMnOUEVkn3ouHYDefust5slelUyAk5JefEIVekSW5Jm3QIIyl5Ji/k1Xgy3ox34+PXumaUM8dkAcbnD3B2mgw=</latexit>

Bulk
<latexit sha1_base64="q0U1wCRtgxvhDQv+B8W54X0w+8U=">AAACAXicbVC7TsNAEDyHVwivACXNiQiJKrIREpRRaCiDRB6SY0Xnyzo55fzQ3RoRWa74Blqo6RAtX0LJn3AJLkjCVLM7s9rd8RMpNNr2l1VaW9/Y3CpvV3Z29/YPqodHHR2nikObxzJWPZ9pkCKCNgqU0EsUsNCX0PUnNzO9+wBKizi6x2kCXshGkQgEZ2habh/hEbNmKif5oFqz6/YcdJU4BamRAq1B9bs/jHkaQoRcMq1dx07Qy5hCwSXklX6qIWF8wkbgGhqxELSXzU/O6VkQK4pjoPP6rzdjodbT0DeekOFYL2uz5n+am2Jw7WUiSlKEiBuL0YJUUozp7HM6FAo4yqkhjCthrqR8zBTjaPJZ2KLNO2MY5hWTibOcwCrpXNQdu+7cXdYazSKdMjkhp+ScOOSKNMgtaZE24SQmz+SFvFpP1pv1bn38WktWMXNMFmB9/gCcN5f9</latexit><latexit sha1_base64="q0U1wCRtgxvhDQv+B8W54X0w+8U=">AAACAXicbVC7TsNAEDyHVwivACXNiQiJKrIREpRRaCiDRB6SY0Xnyzo55fzQ3RoRWa74Blqo6RAtX0LJn3AJLkjCVLM7s9rd8RMpNNr2l1VaW9/Y3CpvV3Z29/YPqodHHR2nikObxzJWPZ9pkCKCNgqU0EsUsNCX0PUnNzO9+wBKizi6x2kCXshGkQgEZ2habh/hEbNmKif5oFqz6/YcdJU4BamRAq1B9bs/jHkaQoRcMq1dx07Qy5hCwSXklX6qIWF8wkbgGhqxELSXzU/O6VkQK4pjoPP6rzdjodbT0DeekOFYL2uz5n+am2Jw7WUiSlKEiBuL0YJUUozp7HM6FAo4yqkhjCthrqR8zBTjaPJZ2KLNO2MY5hWTibOcwCrpXNQdu+7cXdYazSKdMjkhp+ScOOSKNMgtaZE24SQmz+SFvFpP1pv1bn38WktWMXNMFmB9/gCcN5f9</latexit><latexit sha1_base64="q0U1wCRtgxvhDQv+B8W54X0w+8U=">AAACAXicbVC7TsNAEDyHVwivACXNiQiJKrIREpRRaCiDRB6SY0Xnyzo55fzQ3RoRWa74Blqo6RAtX0LJn3AJLkjCVLM7s9rd8RMpNNr2l1VaW9/Y3CpvV3Z29/YPqodHHR2nikObxzJWPZ9pkCKCNgqU0EsUsNCX0PUnNzO9+wBKizi6x2kCXshGkQgEZ2habh/hEbNmKif5oFqz6/YcdJU4BamRAq1B9bs/jHkaQoRcMq1dx07Qy5hCwSXklX6qIWF8wkbgGhqxELSXzU/O6VkQK4pjoPP6rzdjodbT0DeekOFYL2uz5n+am2Jw7WUiSlKEiBuL0YJUUozp7HM6FAo4yqkhjCthrqR8zBTjaPJZ2KLNO2MY5hWTibOcwCrpXNQdu+7cXdYazSKdMjkhp+ScOOSKNMgtaZE24SQmz+SFvFpP1pv1bn38WktWMXNMFmB9/gCcN5f9</latexit><latexit sha1_base64="q0U1wCRtgxvhDQv+B8W54X0w+8U=">AAACAXicbVC7TsNAEDyHVwivACXNiQiJKrIREpRRaCiDRB6SY0Xnyzo55fzQ3RoRWa74Blqo6RAtX0LJn3AJLkjCVLM7s9rd8RMpNNr2l1VaW9/Y3CpvV3Z29/YPqodHHR2nikObxzJWPZ9pkCKCNgqU0EsUsNCX0PUnNzO9+wBKizi6x2kCXshGkQgEZ2habh/hEbNmKif5oFqz6/YcdJU4BamRAq1B9bs/jHkaQoRcMq1dx07Qy5hCwSXklX6qIWF8wkbgGhqxELSXzU/O6VkQK4pjoPP6rzdjodbT0DeekOFYL2uz5n+am2Jw7WUiSlKEiBuL0YJUUozp7HM6FAo4yqkhjCthrqR8zBTjaPJZ2KLNO2MY5hWTibOcwCrpXNQdu+7cXdYazSKdMjkhp+ScOOSKNMgtaZE24SQmz+SFvFpP1pv1bn38WktWMXNMFmB9/gCcN5f9</latexit>

R
<latexit sha1_base64="1cd73Y4DbC93tqwrz2DebQFdCDk=">AAACA3icbVC7TsNAEFyHVwivACXNiQiJKrIREpQRNJQBkYeUWNH5solPOT+4OyNFlku+gRZqOkTLh1DyJ5yDC5Iw1dzOnHZ2vFhwpW37yyqtrK6tb5Q3K1vbO7t71f2DtooSybDFIhHJrkcVCh5iS3MtsBtLpIEnsONNrnO984hS8Si819MY3YCOQz7ijGozctN+QLXPqEjvsmxQrdl1ewayTJyC1KBAc1D97g8jlgQYaiaoUj3HjrWbUqk5E5hV+onCmLIJHWPP0JAGqNx0FjojJ6NIEu0jmb3/elMaKDUNPOPJ06lFLR/+p/USPbp0Ux7GicaQGYvRRokgOiL57WTIJTItpoZQJrlJSZhPJWXaNDS3RZlzfBxmFdOJs9jAMmmf1R277tye1xpXRTtlOIJjOAUHLqABN9CEFjB4gGd4gVfryXqz3q2PX2vJKv4cwhyszx8415ji</latexit><latexit sha1_base64="1cd73Y4DbC93tqwrz2DebQFdCDk=">AAACA3icbVC7TsNAEFyHVwivACXNiQiJKrIREpQRNJQBkYeUWNH5solPOT+4OyNFlku+gRZqOkTLh1DyJ5yDC5Iw1dzOnHZ2vFhwpW37yyqtrK6tb5Q3K1vbO7t71f2DtooSybDFIhHJrkcVCh5iS3MtsBtLpIEnsONNrnO984hS8Si819MY3YCOQz7ijGozctN+QLXPqEjvsmxQrdl1ewayTJyC1KBAc1D97g8jlgQYaiaoUj3HjrWbUqk5E5hV+onCmLIJHWPP0JAGqNx0FjojJ6NIEu0jmb3/elMaKDUNPOPJ06lFLR/+p/USPbp0Ux7GicaQGYvRRokgOiL57WTIJTItpoZQJrlJSZhPJWXaNDS3RZlzfBxmFdOJs9jAMmmf1R277tye1xpXRTtlOIJjOAUHLqABN9CEFjB4gGd4gVfryXqz3q2PX2vJKv4cwhyszx8415ji</latexit><latexit sha1_base64="1cd73Y4DbC93tqwrz2DebQFdCDk=">AAACA3icbVC7TsNAEFyHVwivACXNiQiJKrIREpQRNJQBkYeUWNH5solPOT+4OyNFlku+gRZqOkTLh1DyJ5yDC5Iw1dzOnHZ2vFhwpW37yyqtrK6tb5Q3K1vbO7t71f2DtooSybDFIhHJrkcVCh5iS3MtsBtLpIEnsONNrnO984hS8Si819MY3YCOQz7ijGozctN+QLXPqEjvsmxQrdl1ewayTJyC1KBAc1D97g8jlgQYaiaoUj3HjrWbUqk5E5hV+onCmLIJHWPP0JAGqNx0FjojJ6NIEu0jmb3/elMaKDUNPOPJ06lFLR/+p/USPbp0Ux7GicaQGYvRRokgOiL57WTIJTItpoZQJrlJSZhPJWXaNDS3RZlzfBxmFdOJs9jAMmmf1R277tye1xpXRTtlOIJjOAUHLqABN9CEFjB4gGd4gVfryXqz3q2PX2vJKv4cwhyszx8415ji</latexit><latexit sha1_base64="1cd73Y4DbC93tqwrz2DebQFdCDk=">AAACA3icbVC7TsNAEFyHVwivACXNiQiJKrIREpQRNJQBkYeUWNH5solPOT+4OyNFlku+gRZqOkTLh1DyJ5yDC5Iw1dzOnHZ2vFhwpW37yyqtrK6tb5Q3K1vbO7t71f2DtooSybDFIhHJrkcVCh5iS3MtsBtLpIEnsONNrnO984hS8Si819MY3YCOQz7ijGozctN+QLXPqEjvsmxQrdl1ewayTJyC1KBAc1D97g8jlgQYaiaoUj3HjrWbUqk5E5hV+onCmLIJHWPP0JAGqNx0FjojJ6NIEu0jmb3/elMaKDUNPOPJ06lFLR/+p/USPbp0Ux7GicaQGYvRRokgOiL57WTIJTItpoZQJrlJSZhPJWXaNDS3RZlzfBxmFdOJs9jAMmmf1R277tye1xpXRTtlOIJjOAUHLqABN9CEFjB4gGd4gVfryXqz3q2PX2vJKv4cwhyszx8415ji</latexit>



The black brane linear heat capacity leads to an upper bound on the 
entanglement entropy of ground states via the following  Theorem: [Brandao-
Cramer ’14]  
 
 
Consider a translationally invariant local Hamiltonian on a (d-1)—dimensional lattice. 
Let S be a cubic region of edge length L, and let |ψ> be a ground state. If the heat 
capacity is proportional to Tˠ for low T, then the entanglement entropy of S satisfies 
a sub-volume law  
 
 
 
for L sufficiently large and some constant C0 independent of L

In our case, this means that the ent. entropy of translationally inv. ground 
states scales at most as subvolume  
 
 
 

S(L) / Ld�3/2 (Area / Ld�2)
<latexit sha1_base64="0MM/QSZmYgOvvWxLF3vPYgrqxDw="></latexit><latexit sha1_base64="0MM/QSZmYgOvvWxLF3vPYgrqxDw="></latexit><latexit sha1_base64="0MM/QSZmYgOvvWxLF3vPYgrqxDw="></latexit><latexit sha1_base64="0MM/QSZmYgOvvWxLF3vPYgrqxDw="></latexit>

(Volume / Ld�1)
<latexit sha1_base64="D9B9DPE63HJ6tH6RdNd9rsdlJmo=">AAACFnicbVC7TsMwFHXKq5RXgBEJRVRIZaBKEBKMFSwMDEWiD6ktlePetladOLJvEFWUjY/gG1hhZkOsrIz8CW7pQFvOdHzP8bXP8SPBNbrul5VZWFxaXsmu5tbWNza37O2dqpaxYlBhUkhV96kGwUOoIEcB9UgBDXwBNX9wOdJr96A0l+EtDiNoBbQX8i5nFM2obe8XmggPmFSliANIm5GSEUrn+i7pHHvpUdvOu0V3DGeeeBOSJxOU2/Z3syOZWRUiE1TrhudG2EqoQs4EpLlmrCGibEB70DA0pAHoVjLOkTqHXakc7IMzPv/1JjTQehj4xhNQ7OtZbTT8T2vE2D1vJTyMYoSQGYvRurFwTMZRHU6HK2AohoZQprj5pcP6VFGGprSpV7SJ04dOmjOdeLMNzJPqSdFzi97Nab50MWknS/bIASkQj5yRErkiZVIhjDySZ/JCXq0n6816tz5+rRlrcmeXTMH6/AEOAJ+r</latexit><latexit sha1_base64="D9B9DPE63HJ6tH6RdNd9rsdlJmo=">AAACFnicbVC7TsMwFHXKq5RXgBEJRVRIZaBKEBKMFSwMDEWiD6ktlePetladOLJvEFWUjY/gG1hhZkOsrIz8CW7pQFvOdHzP8bXP8SPBNbrul5VZWFxaXsmu5tbWNza37O2dqpaxYlBhUkhV96kGwUOoIEcB9UgBDXwBNX9wOdJr96A0l+EtDiNoBbQX8i5nFM2obe8XmggPmFSliANIm5GSEUrn+i7pHHvpUdvOu0V3DGeeeBOSJxOU2/Z3syOZWRUiE1TrhudG2EqoQs4EpLlmrCGibEB70DA0pAHoVjLOkTqHXakc7IMzPv/1JjTQehj4xhNQ7OtZbTT8T2vE2D1vJTyMYoSQGYvRurFwTMZRHU6HK2AohoZQprj5pcP6VFGGprSpV7SJ04dOmjOdeLMNzJPqSdFzi97Nab50MWknS/bIASkQj5yRErkiZVIhjDySZ/JCXq0n6816tz5+rRlrcmeXTMH6/AEOAJ+r</latexit><latexit sha1_base64="D9B9DPE63HJ6tH6RdNd9rsdlJmo=">AAACFnicbVC7TsMwFHXKq5RXgBEJRVRIZaBKEBKMFSwMDEWiD6ktlePetladOLJvEFWUjY/gG1hhZkOsrIz8CW7pQFvOdHzP8bXP8SPBNbrul5VZWFxaXsmu5tbWNza37O2dqpaxYlBhUkhV96kGwUOoIEcB9UgBDXwBNX9wOdJr96A0l+EtDiNoBbQX8i5nFM2obe8XmggPmFSliANIm5GSEUrn+i7pHHvpUdvOu0V3DGeeeBOSJxOU2/Z3syOZWRUiE1TrhudG2EqoQs4EpLlmrCGibEB70DA0pAHoVjLOkTqHXakc7IMzPv/1JjTQehj4xhNQ7OtZbTT8T2vE2D1vJTyMYoSQGYvRurFwTMZRHU6HK2AohoZQprj5pcP6VFGGprSpV7SJ04dOmjOdeLMNzJPqSdFzi97Nab50MWknS/bIASkQj5yRErkiZVIhjDySZ/JCXq0n6816tz5+rRlrcmeXTMH6/AEOAJ+r</latexit><latexit sha1_base64="D9B9DPE63HJ6tH6RdNd9rsdlJmo=">AAACFnicbVC7TsMwFHXKq5RXgBEJRVRIZaBKEBKMFSwMDEWiD6ktlePetladOLJvEFWUjY/gG1hhZkOsrIz8CW7pQFvOdHzP8bXP8SPBNbrul5VZWFxaXsmu5tbWNza37O2dqpaxYlBhUkhV96kGwUOoIEcB9UgBDXwBNX9wOdJr96A0l+EtDiNoBbQX8i5nFM2obe8XmggPmFSliANIm5GSEUrn+i7pHHvpUdvOu0V3DGeeeBOSJxOU2/Z3syOZWRUiE1TrhudG2EqoQs4EpLlmrCGibEB70DA0pAHoVjLOkTqHXakc7IMzPv/1JjTQehj4xhNQ7OtZbTT8T2vE2D1vJTyMYoSQGYvRurFwTMZRHU6HK2AohoZQprj5pcP6VFGGprSpV7SJ04dOmjOdeLMNzJPqSdFzi97Nab50MWknS/bIASkQj5yRErkiZVIhjDySZ/JCXq0n6816tz5+rRlrcmeXTMH6/AEOAJ+r</latexit>
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Let’s check the hypotheses: 

Lattice? We regularize the CFT to compute EE.

Local Hamiltonian (nearest-neighbour)? Ensured by locality 

Linear heat capacity, 𝛾 =1.



We take the thermofield 
double state at zero temp.  
 
 

Ground state ✔

Translationally invariant ✔

It has a semiclassical bulk 
description: The two-sided 
black brane [Maldacena ’02…]

We still need a translationally invariant ground state.
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There are two competing RT surfaces. We’re supposed to take 
the one with lower A.  
 
 
 
 
 
 
 
 
 

In the T=0 TFD, the blue surface has divergent A.

Blue:  Area law

Red:  Volume law
r
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[Hartman-Maldacena ’13,  
Andrade-Fischetti-Marolf-Ross-Rozali’13]



We get a contradiction: Volume law when the theorem forbids 
it. One of our hypothesis must be wrong:

Validity of EFT/large N framework ✔

Don’t like T=0? Can repeat analysis in the T→0 limit ✔

Einstein-Maxwell / Stable black brane ✘

More generally:  
 
 Electrically charged extremal black branes must* be 
unstable. 
 
* Should have polynomial low-T heat capacity. Unstable means there’s another solution w. lower free energy.



Simplest modification of the EFT one can make to fix the above 
picture: Introduce charged fields with high-enough q/m  
 
 
 
 
The (mild) Weak Gravity Conjecture.

Comes with AdS correction; One of the AdS WGC variants 
advocated in [Nakayama-Nomura ’15]     

BH is unstable; decays to horizonless  “electron star”.

Only possibility I know of, in the EFT regime. Higher derivative 
terms suppressed by some UV scale should not be very important 
for huge black branes (with very high μ).

m2 � g

d+1
q2�  d(d� 1)

4`2
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Also, connection to another quantum information theorem [Brandao-
Horodecki ’13] 
 
 
 
 
 
 
 
 
 
 

Can check exp. decay of correlators in the worldine 
approximation [Andrade-Fischetti-Marolf-Ross-Rozali’13]

Connection to ER=EPR? The extremal thermofield double has 
a wormhole, but its length is infinite.

Exponential decay
of all correlators

Area law for
 entanglement



CONCLUSIONS

Quantum Information Theorem = No stable electric black branes. 

EFT’s that predict these are sick & in the Swampland, leading to 
the (mild) WGC in AdS.

Take home message:  
 
Entanglement as a Swampland constraint machine

Check other conjectures: SDC[Ooguri-Vafa ’06,…], Scalar-WGC [Palti 

’17], Convex-Hull [Cheung-Remmen ’14]… or prove new ones!



¡Gracias!

Thank you!



Q:  What about BPS black holes? They have an horizon & are stable.  
 
A: There are no examples of asymptotically AdS (only) electrically charged 
black branes which are BPS (that I know of). The extremality bound is strictly 
above the BPS bound.  

Q:  Ok, so what about branes with magnetic charges?  
 
A: Turning on a magnetic charge = turning on a background magnetic field in 
the CFT.  Breaks translational invariance of hamiltonian!

Q: Bah, who cares.  AdS is SUSY anyway.  WGC=BPS bound.  
 
A: There can be U(1)’s which are not central charges (flavor U(1)’s). No BPS 
bound for these, yet the argument still applies! Also, saturating the BPS bound is 
not completely trivial…  

FAQ


