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The search for the theory on quantum gravity is guided by basic principles:

• holography:   S = ¼ Area
• quantum information theory
• thermodynamics

Some helpful tools:  many body QM,  CFT bootstrap, large N,   tensor networks, ….

• locality and causality
• space-time dynamics
• ....

Common Sense
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We propose a new link between entropy and area: a pair of black holes connected by an ER bridge

with minimal cross-sectional area A can carry a macroscopic amount of quantum information, or

be in a mixed state, with entropy equal to S = A/4GN . Our proposal relies on the insight that

space-time acts like a quantum error correcting code, and that the Poincaré recurrence time as seen

from within the code subspace is much shorter than the microscopic recurrence time.

Introduction

The Bekenstein-Hawking relation

S =
A

4GN

(1)

forms one of the central guiding principles in the search

for a quantum theory of gravity. The precise meaning

and realm of applicability of (1), however, are still

only partly understood. The two most well-formulated

interpretations (1) are that it quantifies:

i) the total number of quantum mechanical micro-states
of a black hole with specified macroscopic properties, or

ii) the amount of entanglement across the event horizon
connecting the two sides of an eternal black hole.

Both interpretations are well tested. The first applies

to one sided black holes and has found confirmation

in susy string theory and in AdS/CFT. The second

interpretation finds support from the Ryu-Takayanagi

formula and the proposed holographic interpretation of

the CFT thermofield double

|TFDi =
1

p
Z

X

n

e
� �

2 En |niL |niR (2)

with Z =
P

n
e
��En , as the quantum state of a two sided

black hole connected via an ER bridge.

The two statements i) and ii) are complimentary, in

the sense that both seem to refer to a di↵erent notion of

entropy. However, they are also directly related. Given

interpretation i), it is natural to consider the one sided

black hole in a thermal mixed state

⇢L =
1

Z

X

n

e
��En |niLhn| (3)

with entropy SL=�tr(⇢Llog ⇢L)=(�@�� 1) logZ=SBH .

Here we put the subscript L to indicate that we could

formally identify ⇢L with the reduced density matrix

⇢L = trR

�
|TFDihTFD|

�
(4)

of the left-hand side of the thermofield double (2),

obtained by tracing out the right-hand side. So the

TFD represents the formal purification of the thermal

mixed state of a one-sided black hole. The new element

in statement ii) is this formal purification describes the

geometric extension of the space-time into a two-sided

black hole with an ER bridge.

There are several unsatisfactory aspects to the claim

that a two-sided black hole is uniquely described by the

TFD. Secondly, the TFD is a unique pure state with zero
von Neumann entropy SLR = �tr

�
⇢TFD log ⇢TFD

�
= 0.

A two sided black hole, on the other hand, represents

a macroscopic geometric object, which under normal

circumstances would carry a large amount of entropy.

The question is: how much entropy does it contain?

In this talk, I will argue that

iii) a space-time with an ER bridge with cross sectional
area A can carry a macroscopic amount of quantum
information with entropy equal to SBH = A/4GN .

Since any macroscopic object usually decoheres into a

mixed state, a corollary of this assertion is that

iii’) the local space-time region of an ER bridge is
typically in a mixed state with entropy SBH = A/4GN .

The reasoning makes use of AdS/CFT and the as-

sumption that space-time behaves like a quantum error

correcting code – i.e. that the Hilbert space of the

e↵ective QFT on a given classical space-time lies within a

small code subspace of the full microscopic Hilbert space.

The key insight that leads to statement iii) is that the

Poincaré recurrence time as seen from within the code

subspace is much shorter than the Poincaré recurrence

time of the microscopic theory.

i) the number of microstates of a one-sided black hole
with given macroscopic properties

ii) the microscopic entanglement* across the event horizon
connecting the two sides of an eternal black hole. 
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mixed state, a corollary of this assertion is that

iii’) the local space-time region of an ER bridge is
typically in a mixed state with entropy SBH = A/4GN .

The reasoning makes use of AdS/CFT and the as-

sumption that space-time behaves like a quantum error

correcting code – i.e. that the Hilbert space of the

e↵ective QFT on a given classical space-time lies within a

small code subspace of the full microscopic Hilbert space.

The key insight that leads to statement iii) is that the

Poincaré recurrence time as seen from within the code

subspace is much shorter than the Poincaré recurrence

time of the microscopic theory.

These interpretations are quite different but both find support via AdS/CFT. 

The second interpretation ii) is supported via the Ryu-Takayanagi formula

and by the proposed holographic interpretation of the CFT thermofield double

as the quantum state of a two-sided black hole connected via an ER bridge.



So let’s ask the question: 

How much entropy does a two sided black hole contain? 

There are several unsatisfactory aspect to the claim that 
a two-sided black hole is uniquely described by the TFD:

The TFD  is an idealized theoretical construct: it is a unique pure state 

with zero vN entropy, while two-sided black hole is a macroscopic object
which under normal circumstances would carry a large amount of entropy.

Clearly it is bounded by:   0 < S < A/4GN
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In this talk I will argue that

=>  a new holographic conjecture!
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time of the microscopic theory.
3

SLR = �tr
�
⇢TMD log ⇢TMD

�

=
�
�
@

@�
� 1

�
logZ = SBH (14)

SL = �tr
�
⇢L log ⇢L

�

SL = SR = SBH (15)

ILR =
SL + SR � SLR

2
(16)

ILR =

(
SBH for TFD

SBH/2 for TMD

(17)

T T

U

AL AR

�L �RaL aR

B

A

| i =

X

i

 i |Rii (18)

Stop
A

=

X

i

�
2| i|

2
logS i

0 � | i|
2
log | i|

2
�

(19)

= �

Z
dµ(i) | ̃i|

2
log | ̃i|

2
(20)

 ̃i =  i/S
i

0,

Z
dµ(i) . . . =

X

i

|Si

0|
2 . . . (21)



2

L R

EREL

H

I

FIG. 1: Spatial slice of an ER bridge. The two asymptotic

regions EL and ER are connected via the interface I.

Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
@

@t
switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I

tL = 2t � tR at H

)
, tL = tR = t (6)
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.

tL = �tR at H

tL = tR � 2t at I

)
=) �tL = tR = t (7)

Entropy of an ER Bridge

This quantum information is encoded by including
phase factors into the definition of the TFD via
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According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
and the local region of the bridge is therefore necessarily
in a ‘thermal mixed double’ state
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FIG. 1: Spatial slice of an ER bridge. The two asymptotic

regions EL and ER are connected via the interface I.

Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
@

@t
switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I

tL = 2t � tR at H

)
, tL = tR = t (6)
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi
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j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
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switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I
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special time instant.

tL = �tR at H

tL = tR � 2t at I

)
=) �tL = tR = t (7)

Entropy of an ER Bridge

This quantum information is encoded by including
phase factors into the definition of the TFD via

|TFDi
↵

=
1

p
Z

X

n

e
i↵n e

� �
2 En |niL |niR (8)

|TFD(tL, tR)i =
1

p
Z

X

n

e
�i(tL+tR)En e

� �
2 En |niL|niR (9)

According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
and the local region of the bridge is therefore necessarily
in a ‘thermal mixed double’ state

⇢TMD =
1

Z

X

n

e
��En |niLhn| ⌦ |niRhn| (10)

with entropy SLR = �tr
�
⇢TMD log ⇢TMD

�
= SBH .

⇢TMD =
1

N

X

↵

|TFDi
↵ ↵

hTFD| (11)

1

N

X

↵

e
i(↵n�↵m) = �nm (12)

⇢L = trR
�
⇢TMD

�
=

1

Z

X

n

e
��En |niLhn| (13)

2

L R

EREL

H

I

FIG. 1: Spatial slice of an ER bridge. The two asymptotic

regions EL and ER are connected via the interface I.

Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
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space-times. In this situation, the only potential means
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flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
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We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
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Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
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switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.

tL = �tR at H

tL = tR � 2t at I
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Entropy of an ER Bridge
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According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
and the local region of the bridge is therefore necessarily
in a ‘thermal mixed double’ state
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
@

@t
switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I

tL = 2t � tR at H

)
, tL = tR = t (6)
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This shows that the full non-simply connected space-time
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special time instant.

tL = �tR at H

tL = tR � 2t at I

)
=) �tL = tR = t (7)

Entropy of an ER Bridge

This quantum information is encoded by including
phase factors into the definition of the TFD via

|TFDi
↵

=
1

p
Z

X

n

e
i↵n e

� �
2 En |niL |niR (8)

|TFD(tL, tR)i =
1

p
Z

X

n

e
�i(tL+tR)En e

� �
2 En |niL|niR (9)

According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
and the local region of the bridge is therefore necessarily
in a ‘thermal mixed double’ state

⇢TMD =
1

Z

X

n

e
��En |niLhn| ⌦ |niRhn| (10)

with entropy SLR = �tr
�
⇢TMD log ⇢TMD

�
= SBH .

⇢TMD =
1

N

X

↵

|TFDi
↵ ↵

hTFD| (11)

1

N

X

↵

e
i(↵n�↵m) = �nm (12)

⇢L = trR
�
⇢TMD

�
=

1

Z

X

n

e
��En |niLhn| (13)

2

L R

EREL

H

I

FIG. 1: Spatial slice of an ER bridge. The two asymptotic

regions EL and ER are connected via the interface I.

Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi
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. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
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switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
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The second situation is shown in Fig 1. It describes two
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within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
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and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form
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Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
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and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
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and ER with time coordinate tR. The transition functions
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.

tL = �tR at H

tL = tR � 2t at I

)
=) �tL = tR = t (7)

Entropy of an ER Bridge

This quantum information is encoded by including
phase factors into the definition of the TFD via
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According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
and the local region of the bridge is therefore necessarily
in a ‘thermal mixed double’ state
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
@

@t
switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I

tL = 2t � tR at H

)
, tL = tR = t (6)
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Before presenting our entropy arguments, it will be
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is assumed to be much shorter than the outside distance
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
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via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
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We will assume that the space-time metric of an ER
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Here f(x) vanishes, and thus flips sign, at the horizon.
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and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.

tL = �tR at H

tL = tR � 2t at I

)
=) �tL = tR = t (7)

Entropy of an ER Bridge

This quantum information is encoded by including
phase factors into the definition of the TFD via
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According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
and the local region of the bridge is therefore necessarily
in a ‘thermal mixed double’ state
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FIG. 1: Spatial slice of an ER bridge. The two asymptotic

regions EL and ER are connected via the interface I.

Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
@

@t
switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I

tL = 2t � tR at H

)
, tL = tR = t (6)

REVTEX 4 Command and Options Summary

American Physical Society�

One Research Road, Ridge, NY 11961
(Dated: July 2001)

E

This is the REVTEX 4 Command and Options Sum-
mary. It details usage for many of the new commands
and options that are available in REVTEX 4. Please see
the REVTEX 4 Author’s Guide for complete informa-

tion on how to use REVTEX 4. Class options for the
\documentclass line are marked with square brackets.
Environments are indicated by \begin{<env>} and al-
ways require a matching \end{<env>}.

�Electronic address: revtex4@aps.org

TABLE I: REVTEX 4 Command Summary

REVTEX 4/LATEX2� Markup Details and Usage

Frequently Used Class Options

[aps] American Physical Society styling. Default.

[prl],[pra],[prb],[prc],[prd],[pre],[prstab] Further customize [aps] styling for Physical Review
journals.

[rmp] Further customize [aps] styling for Reviews of Modern
Physics.

[twocolumn] Two column formatting.

[onecolumn] Single column formatting.

[preprint] Single column formatting with increased interline

spacing.

[10pt],[11pt],[12pt] Set font size. [preprint] gives [12pt], [twocolumn]
gives [10pt] by default.

[groupedaddress] Group authors with same a�liations together.

Default.

[superscriptaddress] Associate authors with a�liations via superscript

numbers. Appropriate for collaborations or if several

authors share some, but not all, a�liations.

[draft] Mark overfull lines.

[amsfonts],[noamsfonts] Load (don’t load) amsfonts package. Adds AMS font

support.

[amssymb], [noamssymb] Load (don’t load) amssymb package. Adds additional

AMS symbols.

[amsmath], [noamsmath] Load (don’t load) amsmath package. Adds AMS-LATEX

features.

Other Class Options

[preprintnumbers],[nopreprintnumbers] Control display of preprint numbers given by

\preprint command. [preprintnumbers] is default

for [preprint]; otherwise [nopreprintnumbers] is

default.

[floatfix] Invoke emergency processing to avoid the LATEX error

‘‘Too many unprocessed floats’’ or all subsequent

floats being moved to the end of the job. REVTEX 4

will display a message recommending this option if

warranted.

[bibnotes],[nobibnotes] Control location of author footnotes. Default varies

with journal style.

[footinbib],[nofootinbib] Control location of footnotes. Default varies with jour-

nal style.

L

REVTEX 4 Command and Options Summary

American Physical Society�

One Research Road, Ridge, NY 11961
(Dated: July 2001)

E

This is the REVTEX 4 Command and Options Sum-
mary. It details usage for many of the new commands
and options that are available in REVTEX 4. Please see
the REVTEX 4 Author’s Guide for complete informa-

tion on how to use REVTEX 4. Class options for the
\documentclass line are marked with square brackets.
Environments are indicated by \begin{<env>} and al-
ways require a matching \end{<env>}.

�Electronic address: revtex4@aps.org

TABLE I: REVTEX 4 Command Summary

REVTEX 4/LATEX2� Markup Details and Usage

Frequently Used Class Options

[aps] American Physical Society styling. Default.

[prl],[pra],[prb],[prc],[prd],[pre],[prstab] Further customize [aps] styling for Physical Review
journals.

[rmp] Further customize [aps] styling for Reviews of Modern
Physics.

[twocolumn] Two column formatting.

[onecolumn] Single column formatting.

[preprint] Single column formatting with increased interline

spacing.

[10pt],[11pt],[12pt] Set font size. [preprint] gives [12pt], [twocolumn]
gives [10pt] by default.

[groupedaddress] Group authors with same a�liations together.

Default.

[superscriptaddress] Associate authors with a�liations via superscript

numbers. Appropriate for collaborations or if several

authors share some, but not all, a�liations.

[draft] Mark overfull lines.

[amsfonts],[noamsfonts] Load (don’t load) amsfonts package. Adds AMS font

support.

[amssymb], [noamssymb] Load (don’t load) amssymb package. Adds additional

AMS symbols.

[amsmath], [noamsmath] Load (don’t load) amsmath package. Adds AMS-LATEX

features.

Other Class Options

[preprintnumbers],[nopreprintnumbers] Control display of preprint numbers given by

\preprint command. [preprintnumbers] is default

for [preprint]; otherwise [nopreprintnumbers] is

default.

[floatfix] Invoke emergency processing to avoid the LATEX error

‘‘Too many unprocessed floats’’ or all subsequent

floats being moved to the end of the job. REVTEX 4

will display a message recommending this option if

warranted.

[bibnotes],[nobibnotes] Control location of author footnotes. Default varies

with journal style.

[footinbib],[nofootinbib] Control location of footnotes. Default varies with jour-

nal style.

R

I

H

FIG. 2: Penrose diagram of an ER bridge. The asymptotic

regions EL and ER are connected via the interface I.

This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.

tL = �tR at H

tL = tR � 2t at I

)
=) �tL = tR = t (7)

Entropy of an ER Bridge

This quantum information is encoded by including
phase factors into the definition of the TFD via

|TFDi
↵

=
1

p
Z

X

n

e
i↵n e

� �
2 En |niL |niR (8)

|TFD(tL, tR)i =
1

p
Z

X

n

e
�i(tL+tR)En e

� �
2 En |niL|niR (9)

According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
and the local region of the bridge is therefore necessarily
in a ‘thermal mixed double’ state

⇢TMD =
1

Z

X

n

e
��En |niLhn| ⌦ |niRhn| (10)

with entropy SLR = �tr
�
⇢TMD log ⇢TMD

�
= SBH .

⇢TMD =
1

N

X

↵

|TFDi
↵ ↵

hTFD| (11)

1

N

X

↵

e
i(↵n�↵m) = �nm (12)

⇢L = trR
�
⇢TMD

�
=

1

Z

X

n

e
��En |niLhn| (13)

2

L R

EREL

H

I

FIG. 1: Spatial slice of an ER bridge. The two asymptotic

regions EL and ER are connected via the interface I.
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
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is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.

tL = �tR at H

tL = tR � 2t at I

)
=) �tL = tR = t (7)

Entropy of an ER Bridge

This quantum information is encoded by including
phase factors into the definition of the TFD via
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According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
and the local region of the bridge is therefore necessarily
in a ‘thermal mixed double’ state
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regions EL and ER are connected via the interface I.

Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
@

@t
switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I

tL = 2t � tR at H

)
, tL = tR = t (6)
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This shows that the full non-simply connected space-time
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
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switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
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switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
@

@t
switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I

tL = 2t � tR at H

)
, tL = tR = t (6)
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.
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Entropy of an ER Bridge
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According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
and the local region of the bridge is therefore necessarily
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Define

|TFDi
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= U↵ |TFDi

Consider the set of ↵’s such that

[U↵, Ocode] = 0

We can think of the U↵’s as time evolution operators over

multiples of the Poincaré time of the code subspace.

_

_

_

the unitary operators Ua

The a label superselection sectors = irreps of the QFT operator algebra 
_
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
@

@t
switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I

tL = 2t � tR at H

)
, tL = tR = t (6)
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.

tL = �tR at H
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)
=) �tL = tR = t (7)

Entropy of an ER Bridge
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According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
@

@t
switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I

tL = 2t � tR at H

)
, tL = tR = t (6)
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.

tL = �tR at H

tL = tR � 2t at I
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Entropy of an ER Bridge

This quantum information is encoded by including
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According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
and the local region of the bridge is therefore necessarily
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
@

@t
switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I

tL = 2t � tR at H

)
, tL = tR = t (6)
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This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.

tL = �tR at H

tL = tR � 2t at I

)
=) �tL = tR = t (7)

Entropy of an ER Bridge

This quantum information is encoded by including
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According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
and the local region of the bridge is therefore necessarily
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This shows that the full non-simply connected space-time
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functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
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Geometry of an ER Bridge

Before presenting our entropy arguments, it will be
useful to briefly describe the classical geometry of the
ER-bridge in a bit more detail. There are two basic
setups that we will consider. The first one is the usual
two-sided AdS black hole. The ER-bridge in this case
interpolates between two otherwise disconnected AdS
space-times. In this situation, the only potential means
of communication between the two sides is by having two
messengers meet inside the black hole interior.

The second situation is shown in Fig 1. It describes two
black holes connected via an ER bridge, both embedded
within the same space-time. The total space is in this
case is non-simply connected. Let L and R denote the
near-horizon regions of each black hole, glued together at
the bifurcate horizon H with area A. The two regions L

and R are surrounded by their respective asymptotically
flat regions EL and ER. The regions EL and ER are in turn
connected via the interface I, as indicated. In this case,
the two sides can also communicate by sending messages
via the exterior space-time. The length of the ER bridge
is assumed to be much shorter than the outside distance
between the two black holes.

We will assume that the space-time metric of an ER
bridge can be chosen to take the quasi-static form

ds
2
d+1 = �f(x)2dt2 + gij(x)dxi

dx
j
. (5)

Here f(x) vanishes, and thus flips sign, at the horizon.
As a result, the space-time (5) does not admit a global
time-like Killing vector: the locally defined Killing vector
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switches sign when passing through the horizon H,

and thus comes back in the opposite direction when
transported around the non-contractible cycle in Fig 1.
To write the metric as in (5), we must introduce two
coordinate charts: a left region that includes L and EL

with time coordinate tL, and a right region combining R

and ER with time coordinate tR. The transition functions
at the horizon H and interface I, that prescribe the local
identification between tL and tR, depend on time t via

tL = tR at I
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FIG. 2: Penrose diagram of an ER bridge. The asymptotic

regions EL and ER are connected via the interface I.

This shows that the full non-simply connected space-time
is in fact time dependent. Note that these transition
functions break global time-translation invariance, and
thereby select the initial time-slice tL = tR = 0 as a
special time instant.
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Entropy of an ER Bridge

This quantum information is encoded by including
phase factors into the definition of the TFD via
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According to this proposal, the ER bridge thus shares
long range entanglement with its ambient space-time,
and the local region of the bridge is therefore necessarily
in a ‘thermal mixed double’ state
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The three entropies of TMD are all equal:

SLR = SL = SR = SBH

=>  Mutual information                                         is half as big as that of the TFD

No true microscopic quantum entanglement!



Figure 1: ADS and ADS with a unit black hole. The green region indicates the stretched
horizon which extends to a distance lads above the horizon.

segments may be thought of as a qubit representing the way the string turns from segment

to segment.

Another way to view the long-string model is to begin with a very coarse-grained version

of the dual gauge theory. Given that � ⇠ 1, the useful gauge invariant regulated description

is Hamiltonian lattice gauge theory [18]. From the UV/IR connection, one expects that

the degrees of freedom of a unit black hole are captured by a large N lattice gauge theory

containing just a small number of lattice sites; for example a lattice gauge theory on a

single cubic cell. At large N the theory has a thermal de-confinement transition, similar

to the Hawking page transition, at which the thermal entropy is dominated by states of a

single long chromo-electric flux string.

The stretched horizon of a string-like black hole has a thickness of order ls. In the

present case the string scale is the ADS radius, so that the stretched horizon extends out

to a distance lads; in other words to the outer boundary of the green region in figure 1.

The idealized strings of string theory are integrable and have exact degeneracies which

we don’t expect to find in black holes. The energy spectrum of a black hole is chaotic and

consists of non-degenerate energy levels. The average spacing is e�S but with statistics

typical of quantum-chaotic systems. Since chaos will play a key role in what follows we

5

What about AdS Rindler?

A B

Must introduce UV cutoff and consider 
entanglement of purification E  < SAB



Concluding comments:

- The microscopic entanglement that creates the fabric of space-time 
is encoded in hidden highly delocalized degrees of freedom. 

- Local QFT entanglement is only a small contribution -- and this is 

all the unique quantum entanglement that is needed.
- The microscopic state of a local region of space does not need to be in 

unique  or pure TFD like state.
- The QFT operators are defined via a QEC procedure, that acts within 

a code subspace.


