
Black Holes as open quantum 
systems and unitary dynamics

Based on upcoming work with  
J. Sonner



Information Paradox

• The evaporation of a black hole seems to break unitarity of quantum mechanics 

A story 50 years long

[Hawking, 1976]



Information Paradox

• The evaporation of a black hole seems to break unitarity of quantum mechanics  

• AdS/CFT: Gravity in AdS is dual to a conformal field theory, so the gravitational 
theory must evolve unitarily

A story 50 years long

[Hawking, 1976]

[Maldacena, 1997]



Information Paradox

• The evaporation of a black hole seems to break unitarity of quantum mechanics  

• AdS/CFT: Gravity in AdS is dual to a conformal field theory, so the gravitational 
theory must evolve unitarily 

• From holography and then from semiclassical arguments (replica wormholes), it was 
possible to compute the entanglement entropy of the Hawking radiation (consistent 
with unitarity!) 

A story 50 years long

[Hawking, 1976]

[Maldacena, 1997]

[Penington, 2019; Almheiri, Engelhardt, Markolf, Maxfield, 2019; …]



Information Paradox

• The evaporation of a black hole seems to break unitarity of quantum mechanics  

• AdS/CFT: Gravity in AdS is dual to a conformal field theory, so the gravitational 
theory must evolve unitarily 

• From holography and then from semiclassical arguments (replica wormholes), it was 
possible to compute the entanglement entropy of the Hawking radiation (consistent 
with unitarity!) 
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A story 50 years long

[Hawking, 1976]

[Maldacena, 1997]
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Entanglement Entropy for QFTs

Using the replica trick we can compute the EE for a free scalar in 2D 

Cardy-Calabrese (2004): 
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Entanglement Entropy from Open EFT

Let’s compute the EE from the Open EFT. The replicated one is
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Let’s compute the EE from the Open EFT. The replicated theory is
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Entanglement Entropy from Open EFT

Computing the system entanglement entropy from this Open EFT we get 

The global one was
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What about gravity?



Gravity EFT and matter

We can use the same machinery for the EFT of gravity coupled to matter 
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Gravity EFT and matter

We can use the same machinery for the EFT of gravity coupled to matter 

We expand in fluctuations from a saddle                                              to obtain  
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Gravity Influence Functional
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Gravity Influence Functional

We consider the matter (Hawking’s radiation) to be the system of interest and gravity 
to be the environment.  

The Influence Functional then is  
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Gravity Influence Functional

We consider the matter (Hawking’s radiation) to be the system of interest and gravity 
to be the environment.  

The Influence Functional then is  

At leading order is a TT deformation of the matter theory!
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Entanglement Entropy in the EFT approach

Computing the entanglement entropy for the matter theory coupled to gravity 
applying the EFT approach developed above we get  

This is Hawking’s result and it’s not consistent with unitarity! 
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Entanglement Entropy in the EFT approach

Computing the entanglement entropy for the matter theory coupled to gravity 
applying the EFT approach developed above we get  

This is Hawking’s result and it’s not consistent with unitarity! 

However, we do know how to get a result consistent with unitarity, which is 
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Replicated Influence Functional for gravity
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Replicated Influence Functional for gravity

To obtain this result, we propose the following prescription to compute the replicated 
open effective theory. 

• Replicate the global system (matter and gravity) as specified by the boundary 
conditions of interest 

• Find all smooth saddle-point geometries 
• Consider the effective theory on these backgrounds, and integrate out the metric 

fluctuations to obtain the “gravitational” matter open effective theory 

Following this prescription and computing the entanglement entropy we get the 
island formula.
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Matter effective 
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Discussion

Results 

• We computed the Open EFT for matter in a gravitational environment, which at 
leading order is a TT-like deformation. 

• We proposed a prescription to obtain the replicated partition function for systems 
in a gravitational environment 

Future directions 

• Can we learn something from this results? We believe so! 

• Can we understand better this prescription from other pov’s? Tensor networks?



Thank you!


