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GN→ gravity

~ → quantum mechanics

Bekenstein-Hawking ’74:

Planck length 
(≈10-33 cm)

Entropy and area

kB→ statistical mechanics

What are the “atoms” of the black hole? 
Why is S ∝ area?

S =
kBc3area(horizon)

4GN~
= kB

area(horizon)

4l2P

Event Horizon Telescope ‘19



Entropy and area

Planck area: basic unit in quantum gravity, translates into unit of entropy

How general is the area-entropy relation? What is its origin?

A clue: Holographic entanglement entropy (Ryu-Takayanagi ’06)

Vast (but also limited) generalization of Bekenstein-Hawking

To understand it, we first need to extend our notion of entropy…

Holographic entropy bounds (Bekenstein ’81, Bousso ‘99): 
for arbitrary closed surface in arbitrary spacetime S  area

4GN~

Generalizations of Bekenstein-Hawking:

De Sitter spacetime (Gibbons-Hawking ‘77): S =
area(horizon)

4GN~

Jacobson ’95: area-entropy relation implies Einstein equation

If space has     dimensions,           has units of area (         )GN~ Ld�1d



Entanglement Entropy
Classical mechanics: 

definite state → certain outcome for any measurement
Quantum mechanics: 

definite state → uncertain outcomes for some measurements

When only certain kinds of measurements are allowed, a definite (pure) state will 
effectively be indefinite (mixed)

Example:  
measurement of      definitely gives  
measurement of      gives         or         with equal probability
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Suppose a system has two parts, but we can only measure one part

To see that this is a pure state (superposition, not mixture, of             and            ) 
requires access to both     and    A B

|"i|#i |#i|"i

For an observer who only sees A, effective state is mixed:

Indefiniteness from entanglement

⇢A =
1

2
(|"ih" |+ |#ih# |) SA = ln 2

A B

Spin singlet state: SAB = 0|0, 0i = 1p
2
(| "i| #i � | #i| "i)
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Strong subadditivity: SAB + SBC � SB + SABC

(IA:BC ≥ IA:B)(Lieb-Ruskai ’73)

Entanglement Entropy
In general: if ! is state of full system, then effective state for subsystem A is

⇢A = TrAc⇢

Entanglement entropy is defined as von Neumann entropy of subsystem:

SA = �Tr⇢A ln ⇢A

(Any entropy can be viewed as due to entanglement with environment)

Entanglement entropies obey many important properties, such as:

Subadditivity: SAB  SA + SB

IA:B := S A + S B − S AB ≥ 0
AA B C

Mutual information:



A

In quantum field theories (& many-body systems), 
spatial regions are highly entangled with each other

Entanglement Entropy in QFT

Consider microwave cavity 
Even in vacuum, electromagnetic field fluctuates:  

      zero-point quantum fluctuations of modes 
Each mode is distributed in space 

=> fluctuations are spatially correlated 
=> any part A of cavity is entangled with rest

@A
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Massive (gapped) field: entanglement extends out to correlation/Compton length 
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A
SA = area(@A)
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short-distance cut-off

SA is ultraviolet divergent due to entanglement of short-wavelength modes across @A

ξ ∼ 1/m



In quantum field theories (& many-body systems), 
spatial regions are highly entangled with each other

Entanglement Entropy in QFT

✏
<latexit sha1_base64="S940j+PXnpyPoS6EHFdj/RxnHVw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBOH5Ak</latexit>

SA depends on: 
• parameters of theory (including   ) 
• state 
• size and shape of region A

A

@A
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thermal entropy density

s(T )⇥ volume(A)
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• At finite temperature, also usual extensive entropy:

Contains a lot important physics

Examples: 

• Gapped theory in            : d = 2 SA =
L

✏
� L

⇠
� �

correlation length

topological entanglement entropy 
(Kitaev-Preskill ’05; Levin-Wen ’05)

length(@A)

d = 1 SA =
c

3
ln

L

✏
A

L

short-distance cutoff

central charge
• Critical (conformal) theory in           : 

(Holzhey-Larsen-Wilczek ’94; Calabrese-Cardy ’03)



A

However, usually very difficult to compute—even in free theories

Entanglement Entropy in QFT

Powerful probe of QFTs and many-body systems: 
• quantum criticality 
• topological order 
• renormalization-group flows 
• energy conditions 
• many-body localization 
• quenches 
• much more…

Simplifies in certain theories with many strongly-interacting fields…



Consider a QFT with     interacting fields 
for example              Yang-Mills theory,

Holographic dualities

SU(n)
N

N ⇠ n2

When      is large, these fields may admit a collective description in terms of a small 
number of degrees of freedom 
• classical (think of hydrodynamics) 
• usually complicated

N

General relativity in           dimensions with cosmological constant 
(plus some matter fields) 
subject to certain boundary conditions: “universe in a box” 

(Maldacena ’97)

d+ 1
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⇤ < 0
<latexit sha1_base64="bpiIGSpetzYuHTeywsGjAqep7p4=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoAuRghsXLirYh7RDyWQybWiSGZKMUIZ+hRsXirj1c9z5N6bTWWjrgcDhnHPJvSdIONPGdb+d0srq2vpGebOytb2zu1fdP2jrOFWEtkjMY9UNsKacSdoyzHDaTRTFIuC0E4xvZn7niSrNYvlgJgn1BR5KFjGCjZUe+3c2GuIrd1CtuXU3B1omXkFqUKA5qH71w5ikgkpDONa657mJ8TOsDCOcTiv9VNMEkzEe0p6lEguq/SxfeIpOrBKiKFb2SYNy9fdEhoXWExHYpMBmpBe9mfif10tNdOlnTCapoZLMP4pSjkyMZtejkClKDJ9YgolidldERlhhYmxHFVuCt3jyMmmf1T3L789rjeuijjIcwTGcggcX0IBbaEILCAh4hld4c5Tz4rw7H/NoySlmDuEPnM8f/XuP2Q==</latexit><latexit sha1_base64="bpiIGSpetzYuHTeywsGjAqep7p4=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoAuRghsXLirYh7RDyWQybWiSGZKMUIZ+hRsXirj1c9z5N6bTWWjrgcDhnHPJvSdIONPGdb+d0srq2vpGebOytb2zu1fdP2jrOFWEtkjMY9UNsKacSdoyzHDaTRTFIuC0E4xvZn7niSrNYvlgJgn1BR5KFjGCjZUe+3c2GuIrd1CtuXU3B1omXkFqUKA5qH71w5ikgkpDONa657mJ8TOsDCOcTiv9VNMEkzEe0p6lEguq/SxfeIpOrBKiKFb2SYNy9fdEhoXWExHYpMBmpBe9mfif10tNdOlnTCapoZLMP4pSjkyMZtejkClKDJ9YgolidldERlhhYmxHFVuCt3jyMmmf1T3L789rjeuijjIcwTGcggcX0IBbaEILCAh4hld4c5Tz4rw7H/NoySlmDuEPnM8f/XuP2Q==</latexit><latexit sha1_base64="bpiIGSpetzYuHTeywsGjAqep7p4=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoAuRghsXLirYh7RDyWQybWiSGZKMUIZ+hRsXirj1c9z5N6bTWWjrgcDhnHPJvSdIONPGdb+d0srq2vpGebOytb2zu1fdP2jrOFWEtkjMY9UNsKacSdoyzHDaTRTFIuC0E4xvZn7niSrNYvlgJgn1BR5KFjGCjZUe+3c2GuIrd1CtuXU3B1omXkFqUKA5qH71w5ikgkpDONa657mJ8TOsDCOcTiv9VNMEkzEe0p6lEguq/SxfeIpOrBKiKFb2SYNy9fdEhoXWExHYpMBmpBe9mfif10tNdOlnTCapoZLMP4pSjkyMZtejkClKDJ9YgolidldERlhhYmxHFVuCt3jyMmmf1T3L789rjeuijjIcwTGcggcX0IBbaEILCAh4hld4c5Tz4rw7H/NoySlmDuEPnM8f/XuP2Q==</latexit><latexit sha1_base64="bpiIGSpetzYuHTeywsGjAqep7p4=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoAuRghsXLirYh7RDyWQybWiSGZKMUIZ+hRsXirj1c9z5N6bTWWjrgcDhnHPJvSdIONPGdb+d0srq2vpGebOytb2zu1fdP2jrOFWEtkjMY9UNsKacSdoyzHDaTRTFIuC0E4xvZn7niSrNYvlgJgn1BR5KFjGCjZUe+3c2GuIrd1CtuXU3B1omXkFqUKA5qH71w5ikgkpDONa657mJ8TOsDCOcTiv9VNMEkzEe0p6lEguq/SxfeIpOrBKiKFb2SYNy9fdEhoXWExHYpMBmpBe9mfif10tNdOlnTCapoZLMP4pSjkyMZtejkClKDJ9YgolidldERlhhYmxHFVuCt3jyMmmf1T3L789rjeuijjIcwTGcggcX0IBbaEILCAh4hld4c5Tz4rw7H/NoySlmDuEPnM8f/XuP2Q==</latexit>

However, in certain cases, when the fields are very strongly interacting, it simplifies 
dramatically:



Holographic dualities

If QFT is gapped (massive), space ends on wall at                  (correlation length)zmax ⇠ ⇠

If QFT is conformal (scale-invariant), ground state is anti-de Sitter (AdS) spacetime:

ds2 =
R2

z2
�
�dt2 + dz2 + d~x2

�
AdS radius

extra dimension

    dimensions of QFTd

z

~x

z = ✏ boundary of AdS, where field theory “lives”

Map between boundary and bulk is non-local

Many specific examples known in various dimensions 
(mostly supersymmetric, derived from string theory)



Holographic Dualities

GRQFT

~ ! 0classical limitN ! 1thermodynamic limit

collective modes gravitational waves, etc.
statistical fluctuations quantum fluctuations

Holographic dualities are useful for computing many things in strongly interacting QFTs

Let’s talk about entanglement entropies...  

deconfined plasma black hole

horizon

S / N S =
area(horizon)

4GN~

N
Rd�1

GN~
AdS radius

Planck area



Holographic Entanglement Entropy

z

~x

Ryu-Takayanagi ’06:

A

@A

SA =
area(mA)

4GN~

@A
<latexit sha1_base64="KScPNQgWR+UUGXDkXtVD1rS5i24=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKthbbUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x0+agrQ8WHu/NzM68IBFcG9f9dkorq2vrG+XNytb2zu5edf+greNUUdaisYhVJ0DNBJesZbgRrJMohlEg2EMwvsn9hyemNI/lvZkkzI9wKHnIKRorPfYSVIajIFf9as2tuzOQZeIVpAYFmv3qV28Q0zRi0lCBWnc9NzF+ls+jgk0rvVSzBOkYh6xrqcSIaT+bbTwlJ1YZkDBW9klDZurvjgwjrSdRYCsjNCO96OXif143NeGln3GZpIZJOv8oTAUxMcnPJwOuGDViYglSxe2uhI5QITU2pIoNwVs8eZm0z+qe5XfntcZ1EUcZjuAYTsGDC2jALTShBRQkPMMrvDnaeXHenY95ackpeg7hD5zPHxzKkIg=</latexit><latexit sha1_base64="KScPNQgWR+UUGXDkXtVD1rS5i24=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKthbbUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x0+agrQ8WHu/NzM68IBFcG9f9dkorq2vrG+XNytb2zu5edf+greNUUdaisYhVJ0DNBJesZbgRrJMohlEg2EMwvsn9hyemNI/lvZkkzI9wKHnIKRorPfYSVIajIFf9as2tuzOQZeIVpAYFmv3qV28Q0zRi0lCBWnc9NzF+ls+jgk0rvVSzBOkYh6xrqcSIaT+bbTwlJ1YZkDBW9klDZurvjgwjrSdRYCsjNCO96OXif143NeGln3GZpIZJOv8oTAUxMcnPJwOuGDViYglSxe2uhI5QITU2pIoNwVs8eZm0z+qe5XfntcZ1EUcZjuAYTsGDC2jALTShBRQkPMMrvDnaeXHenY95ackpeg7hD5zPHxzKkIg=</latexit><latexit sha1_base64="KScPNQgWR+UUGXDkXtVD1rS5i24=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKthbbUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x0+agrQ8WHu/NzM68IBFcG9f9dkorq2vrG+XNytb2zu5edf+greNUUdaisYhVJ0DNBJesZbgRrJMohlEg2EMwvsn9hyemNI/lvZkkzI9wKHnIKRorPfYSVIajIFf9as2tuzOQZeIVpAYFmv3qV28Q0zRi0lCBWnc9NzF+ls+jgk0rvVSzBOkYh6xrqcSIaT+bbTwlJ1YZkDBW9klDZurvjgwjrSdRYCsjNCO96OXif143NeGln3GZpIZJOv8oTAUxMcnPJwOuGDViYglSxe2uhI5QITU2pIoNwVs8eZm0z+qe5XfntcZ1EUcZjuAYTsGDC2jALTShBRQkPMMrvDnaeXHenY95ackpeg7hD5zPHxzKkIg=</latexit><latexit sha1_base64="KScPNQgWR+UUGXDkXtVD1rS5i24=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPVi8cKthbbUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x0+agrQ8WHu/NzM68IBFcG9f9dkorq2vrG+XNytb2zu5edf+greNUUdaisYhVJ0DNBJesZbgRrJMohlEg2EMwvsn9hyemNI/lvZkkzI9wKHnIKRorPfYSVIajIFf9as2tuzOQZeIVpAYFmv3qV28Q0zRi0lCBWnc9NzF+ls+jgk0rvVSzBOkYh6xrqcSIaT+bbTwlJ1YZkDBW9klDZurvjgwjrSdRYCsjNCO96OXif143NeGln3GZpIZJOv8oTAUxMcnPJwOuGDViYglSxe2uhI5QITU2pIoNwVs8eZm0z+qe5XfntcZ1EUcZjuAYTsGDC2jALTShBRQkPMMrvDnaeXHenY95ackpeg7hD5zPHxzKkIg=</latexit>

minimal-area hypersurface homologous to  
                                             (relative to       ) 

hangs down in order to minimize area

mA =

mA
<latexit sha1_base64="kw1Oibwl+PWICRv1AWyRf6JSSSk=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj1YvHitYW2qVk09k2NMkuSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hZXVtfaO4Wdra3tndK+8fPJok0wwbLBGJbkXUoOAKG5Zbga1UI5WRwGY0vJnWm0+oDU/Ugx2lGEraVzzmjFpn3cvuVbdc8av+TGQZghwqkKveLX91egnLJCrLBDWmHfipDcdUW84ETkqdzGBK2ZD2se1QUYkmHM9WnZAT5/RInGj3lCUz9/fEmEpjRjJynZLagVmsTc3/au3MxpfhmKs0s6jY/KM4E8QmZHo36XGNzIqRA8o0d7sSNqCaMuvSKbkQgsWTl+HxrBo4vjuv1K7zOIpwBMdwCgFcQA1uoQ4NYNCHZ3iFN094L9679zFvLXj5zCH8kff5AxMwjaU=</latexit><latexit sha1_base64="kw1Oibwl+PWICRv1AWyRf6JSSSk=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj1YvHitYW2qVk09k2NMkuSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hZXVtfaO4Wdra3tndK+8fPJok0wwbLBGJbkXUoOAKG5Zbga1UI5WRwGY0vJnWm0+oDU/Ugx2lGEraVzzmjFpn3cvuVbdc8av+TGQZghwqkKveLX91egnLJCrLBDWmHfipDcdUW84ETkqdzGBK2ZD2se1QUYkmHM9WnZAT5/RInGj3lCUz9/fEmEpjRjJynZLagVmsTc3/au3MxpfhmKs0s6jY/KM4E8QmZHo36XGNzIqRA8o0d7sSNqCaMuvSKbkQgsWTl+HxrBo4vjuv1K7zOIpwBMdwCgFcQA1uoQ4NYNCHZ3iFN094L9679zFvLXj5zCH8kff5AxMwjaU=</latexit><latexit sha1_base64="kw1Oibwl+PWICRv1AWyRf6JSSSk=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj1YvHitYW2qVk09k2NMkuSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hZXVtfaO4Wdra3tndK+8fPJok0wwbLBGJbkXUoOAKG5Zbga1UI5WRwGY0vJnWm0+oDU/Ugx2lGEraVzzmjFpn3cvuVbdc8av+TGQZghwqkKveLX91egnLJCrLBDWmHfipDcdUW84ETkqdzGBK2ZD2se1QUYkmHM9WnZAT5/RInGj3lCUz9/fEmEpjRjJynZLagVmsTc3/au3MxpfhmKs0s6jY/KM4E8QmZHo36XGNzIqRA8o0d7sSNqCaMuvSKbkQgsWTl+HxrBo4vjuv1K7zOIpwBMdwCgFcQA1uoQ4NYNCHZ3iFN094L9679zFvLXj5zCH8kff5AxMwjaU=</latexit><latexit sha1_base64="kw1Oibwl+PWICRv1AWyRf6JSSSk=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj1YvHitYW2qVk09k2NMkuSVYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6WCG+v7315hZXVtfaO4Wdra3tndK+8fPJok0wwbLBGJbkXUoOAKG5Zbga1UI5WRwGY0vJnWm0+oDU/Ugx2lGEraVzzmjFpn3cvuVbdc8av+TGQZghwqkKveLX91egnLJCrLBDWmHfipDcdUW84ETkqdzGBK2ZD2se1QUYkmHM9WnZAT5/RInGj3lCUz9/fEmEpjRjJynZLagVmsTc3/au3MxpfhmKs0s6jY/KM4E8QmZHo36XGNzIqRA8o0d7sSNqCaMuvSKbkQgsWTl+HxrBo4vjuv1K7zOIpwBMdwCgFcQA1uoQ4NYNCHZ3iFN094L9679zFvLXj5zCH8kff5AxMwjaU=</latexit>

A

A

MH-Freedman ’16:                max # “bit threads” connecting       to rest of boundary 
(equivalence to minimal surface by Riemannian max flow-min cut theorem 

Federer ’74, …) 
Each bit thread has cross section of 4 Planck areas 
Represents entangled pair of qubits between      and complement

SA =
<latexit sha1_base64="5ZPerK54ILQ31OaEBqcboJvUOSQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCozIuhGqLpxWdFeoB1KJs20oUlmSDLCMPQV3LhQxK0v5M63MdPOQlt/CHz85xxyzh/EnGnjut9OaWV1bX2jvFnZ2t7Z3avuH7R1lChCWyTikeoGWFPOJG0ZZjjtxopiEXDaCSa3eb3zRJVmkXw0aUx9gUeShYxgk1sPg+urQbXm1t2Z0DJ4BdSgUHNQ/eoPI5IIKg3hWOue58bGz7AyjHA6rfQTTWNMJnhEexYlFlT72WzXKTqxzhCFkbJPGjRzf09kWGidisB2CmzGerGWm//VeokJL/2MyTgxVJL5R2HCkYlQfjgaMkWJ4akFTBSzuyIyxgoTY+Op2BC8xZOXoX1W9yzfn9caN0UcZTiCYzgFDy6gAXfQhBYQGMMzvMKbI5wX5935mLeWnGLmEP7I+fwBbeON0g==</latexit><latexit sha1_base64="5ZPerK54ILQ31OaEBqcboJvUOSQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCozIuhGqLpxWdFeoB1KJs20oUlmSDLCMPQV3LhQxK0v5M63MdPOQlt/CHz85xxyzh/EnGnjut9OaWV1bX2jvFnZ2t7Z3avuH7R1lChCWyTikeoGWFPOJG0ZZjjtxopiEXDaCSa3eb3zRJVmkXw0aUx9gUeShYxgk1sPg+urQbXm1t2Z0DJ4BdSgUHNQ/eoPI5IIKg3hWOue58bGz7AyjHA6rfQTTWNMJnhEexYlFlT72WzXKTqxzhCFkbJPGjRzf09kWGidisB2CmzGerGWm//VeokJL/2MyTgxVJL5R2HCkYlQfjgaMkWJ4akFTBSzuyIyxgoTY+Op2BC8xZOXoX1W9yzfn9caN0UcZTiCYzgFDy6gAXfQhBYQGMMzvMKbI5wX5935mLeWnGLmEP7I+fwBbeON0g==</latexit><latexit sha1_base64="5ZPerK54ILQ31OaEBqcboJvUOSQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCozIuhGqLpxWdFeoB1KJs20oUlmSDLCMPQV3LhQxK0v5M63MdPOQlt/CHz85xxyzh/EnGnjut9OaWV1bX2jvFnZ2t7Z3avuH7R1lChCWyTikeoGWFPOJG0ZZjjtxopiEXDaCSa3eb3zRJVmkXw0aUx9gUeShYxgk1sPg+urQbXm1t2Z0DJ4BdSgUHNQ/eoPI5IIKg3hWOue58bGz7AyjHA6rfQTTWNMJnhEexYlFlT72WzXKTqxzhCFkbJPGjRzf09kWGidisB2CmzGerGWm//VeokJL/2MyTgxVJL5R2HCkYlQfjgaMkWJ4akFTBSzuyIyxgoTY+Op2BC8xZOXoX1W9yzfn9caN0UcZTiCYzgFDy6gAXfQhBYQGMMzvMKbI5wX5935mLeWnGLmEP7I+fwBbeON0g==</latexit><latexit sha1_base64="5ZPerK54ILQ31OaEBqcboJvUOSQ=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCozIuhGqLpxWdFeoB1KJs20oUlmSDLCMPQV3LhQxK0v5M63MdPOQlt/CHz85xxyzh/EnGnjut9OaWV1bX2jvFnZ2t7Z3avuH7R1lChCWyTikeoGWFPOJG0ZZjjtxopiEXDaCSa3eb3zRJVmkXw0aUx9gUeShYxgk1sPg+urQbXm1t2Z0DJ4BdSgUHNQ/eoPI5IIKg3hWOue58bGz7AyjHA6rfQTTWNMJnhEexYlFlT72WzXKTqxzhCFkbJPGjRzf09kWGidisB2CmzGerGWm//VeokJL/2MyTgxVJL5R2HCkYlQfjgaMkWJ4akFTBSzuyIyxgoTY+Op2BC8xZOXoX1W9yzfn9caN0UcZTiCYzgFDy6gAXfQhBYQGMMzvMKbI5wX5935mLeWnGLmEP7I+fwBbeON0g==</latexit>

A
<latexit sha1_base64="glsIYP92PSMcW8DkNNhZ8pvJRFs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9eKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d2s3n5CpXksH8wkQT+iQ8lDzqixVuOmX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu12zyOIpzAKZyDB1dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Akt+MxQ==</latexit><latexit sha1_base64="glsIYP92PSMcW8DkNNhZ8pvJRFs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9eKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d2s3n5CpXksH8wkQT+iQ8lDzqixVuOmX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu12zyOIpzAKZyDB1dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Akt+MxQ==</latexit><latexit sha1_base64="glsIYP92PSMcW8DkNNhZ8pvJRFs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9eKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d2s3n5CpXksH8wkQT+iQ8lDzqixVuOmX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu12zyOIpzAKZyDB1dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Akt+MxQ==</latexit><latexit sha1_base64="glsIYP92PSMcW8DkNNhZ8pvJRFs=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9eKxBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8d2s3n5CpXksH8wkQT+iQ8lDzqixVuOmX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu12zyOIpzAKZyDB1dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Akt+MxQ==</latexit>
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• Conformal theory in            :

Holographic Entanglement Entropy

Ryu-Takayanagi ’06:

SA =
area(mA)
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Democratizes Bekenstein-Hawking: not about horizons!

Geometrizes entanglement:

A

mA

horizon

• Finite temperature: 
minimal surface hugs horizon 

=> extensive entropy s(T)volume(A)

A

mA

wall
SA = area(@A)
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• Gapped theory: 
minimal surface extends to wall 
(Klebanov, Kutasov, Murugan ‘07)

mA

• Area-law UV divergence due to 
infinite area of        near boundary



(Dual proof using bit threads Freedman-MH ’16)

= SABC + SB

CBA

(MH-Takayanagi ’07)

CBA CBA

SAB + SBC = = �

Quantum information theory is built into classical spacetime geometry

Holographic Entanglement Entropy

Example: Strong subadditivity

SAB + SBC � SABC + SB

In fact, RT formula obeys all general properties of entanglement entropies 
(Hayden-MH-Maloney ’11; MH ’13)



A B B

S AB = S A + S B ⇒ IA:B = 0

A

S AB < S A + S B ⇒ IA:B > 0

Also has special properties, such as phase transitions (MH ’10)

mAB

mAB

Holographic Entanglement Entropy

Monogamy of mutual information inequality (Hayden-MH-Maloney ’11; MH ’13):

S AB + S AC + S BC ≥ S A + S B + S C + S ABC

IA:BC ≥ IA:B + IA:C



Holographic Entanglement Entropy

So far, we’ve ignored time 

In spacetime, find minimal-area codimension-2 spacelike surface homologous to  
          (Hubeny-Rangamani-Takayanagi ’07)

A

A
t ΔS = ⟨Hmod⟩

Bulk spacetime geometry (Einstein equation) directly related to 
quantum information properties in field theory: 

• Strong subadditivity (Wall ’12) 
• Causality (no faster-than-light signalling) 

                                      (MH-Hubeny-Lawrence-Rangamani ’14) 
• First law of entanglement: 

To some extent, Einstein equation can be derived from 
properties of entanglement (Lashkari-McDermott-Van Raamsdonk ’13)



Holographic Entanglement Entropy

Many other developments: 
• Relation between bulk & boundary modular Hamiltonians and relative entropies 

(Jafferis-Lewkowycz-Maldacena-Suh ’15) 
• Derivation of RT formula (MH ’10, Lewkowycz-Maldacena ’13) 
• Tensor networks for modelling holography (Swingle ’08) 
• Bit threads & entanglement structures (Cui et al ’18) 
• Holography as quantum error-correcting code (Almheiri-Dong-Harlow ’14) 
• ...
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