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Three New Principles of !
Black Hole Information:"

O  Maximal Entanglement 
O  Balanced Holography 
O  Topological Protection 



Maximal	  Entanglement:	  
	  

•  A typical black hole  H  is maximally           
   entangled with its environment  E. 

•  The entanglement entropy saturates 
       the Bekenstein-Hawking bound: 

S    =  S EE B-H 



H = black hole interior or stretched horizon 
E = entangled environment, outside horizon 

H	
 E



Balanced	  Holography:	  
	  

•  Not all maximally entangled BH states are  
   equal: some are more equal than others: 

•  The number of entangled BH vacuum   

   states saturates the B-H bound: 

S    =  S BH B-H 



2

long range entanglement, that over time can be decoded
from the on-shell asymptotic Hawking radiation [12]. An
important part of the challenge is to reconcile the neces-
sary presence of both types of entanglement with the fact
that their sum can never exceed the value (1): the two
types of entanglement are in competition and one of the
key questions is how the balance between them depends
on the age of the black hole relative to the Page time.

Our first hypothesis is that situation (1) is typical:

A typical quantum black hole, soon after it is formed,
is close to maximally entangled with its environment.

Various pieces of evidence support this postulate. The
most compelling clue is provided by the Ryu-Takayanagi
entropy formula [13], which identifies the microscopic en-
tanglement entropy, defined via the CFT, with 1/4 of
the area of the holographic entanglement surface in AdS.
When applied in presence of an AdS black hole, it indi-
cates that its Bekenstein-Hawking entropy also quantifies
the entanglement across the horizon.

As emphasized in [14], saturation of the B-H entropy
bound across an entanglement surface is the likely source
of continuity of space. A black hole interior described by
a pure state is a singular notion: it would have a firewall.
Instead, the black hole interior is a fast scrambler that
promptly thermalizes: the transition from gravitational
collapse towards a maximally mixed interior state takes
of order the scrambling time tS ' M log M .

Rule II: Balanced holography

We define the entangled environment E of a young
black hole as the 2N dimensional Hilbert space spanned
by all states that are entangled with the black hole inte-
rior H. Hence for now, E is a purely information theoretic
construct. A general maximally entangled state of the in-
terior H and exterior E takes the form

�� 
↵

=
X

i,j

↵ij

��i
↵
h

��j
↵
e

(2)

where i, j run from 1 to 2N , and ↵ij are a priori arbitrary
complex amplitudes. The total Hilbert space Hh⌦He is
22N dimensional: the black hole engages 2N qubits. If
all states (2) were equally accessible, the total thermo-
dynamic entropy of the combined system H and E would
overshoot the B-H bound by a factor of 2.

There is no a a priori physical principle, however,
that prescribes that every state of the form (2) must be
reachable via time-evolution from some reasonable ini-
tial state. The interior black hole dynamics is maxi-
mally ergodic, but the combined system H and E is not:
when unperturbed by outside influences, it occupies only
a small subset of its Hilbert space. Physical properties
such as the total energy and the local energy distribu-
tion of the state depend on the coe�cients ↵ij . The

quantum states associated to undisturbed (young) black
hole space times satisfy local conditions that distinguish
vacuum states from excited states. The number of such
black hole vacuum states is counted by the B-H formula.

So our second postulate is that among all states of
the form (2), only a small subset are physical black hole
vacuum states

The physical Hilbert space of a young black hole and its
entangled environment E is eSbh = 2N dimensional.

We call this principle ‘balanced holography’, because
when combined with the first postulate, it implies that
black hole information is not stored inside the horizon,
but carried by correlations between an equal number of
internal and external qubits. For young black holes, we
imagine that these ‘logical’ qubits are shared by hidden
interior and exterior microscopic degrees of freedom (c.f.
[9]), extending out into the zone region.

The real black hole information thus occupies only half
the total number of qubits of H and E. The remaining
N qubits represent virtual quantum fluctuations, and are
required to be in a specific vacuum state, whose precise
form is determined by the microscopic theory. Excita-
tions of the virtual qubits are allowed states in the total
Hilbert space, but their local and total energy distribu-
tion is macroscopically distinct from the typical state in
the thermal ensemble of black hole states with a given
mass and horizon area.

These are our two additional postulates. They are
complementary: neither would be consistent without the
other. Note that a corollary of rule I is that there is no
fundamental distinction between the interior state of a
young or old black hole: both are maximally mixed, and
should be able to support a smooth interior geometry.

C. Vacuum conditions.

Balanced holography posits that among all 22N inde-
pendent states in Hh ⌦ He, only 2N are physical black
hole states. This means that the complete quantum state
of the black hole and its environment takes the form

�� 
↵

=
X

i

↵i

��i
↵
h

��i
↵
e
. (3)

where we used the freedom to relabel our interior black
hole states so that they carry the same label i as the
environment states. The black hole quantum information
is thus stored non-locally in the 2N independent complex
amplitudes ↵i, and is evenly divided over the interior and
the exterior region of the horizon.

Because the physical states
�� 

↵ 2 Hh⌦He of the form
(3) only carry N independent qubits of quantum informa-
tion, they must satisfy N conditions, each removing one
of the original 2N qubits. The form of these conditions
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where we used the freedom to relabel our interior black
hole states so that they carry the same label i as the
environment states. The black hole quantum information
is thus stored non-locally in the 2N independent complex
amplitudes ↵i, and is evenly divided over the interior and
the exterior region of the horizon.

Because the physical states
�� 

↵ 2 Hh⌦He of the form
(3) only carry N independent qubits of quantum informa-
tion, they must satisfy N conditions, each removing one
of the original 2N qubits. The form of these conditions

A general entangled state:!

A balanced entangled state:!



Topological	  Protection:	  
	             Black hole information is:  

•   carried by non-local correlations between  

    internal and external degrees of freedom 

•      ‘topologically’ protected from local        

             sources of decoherence 
  



Topological qubit"

3

is determined by the microscopic theory. The 2N qubits
are thus evenly divided into two types: there are N real
or ‘logical’ qubits, which are free to take any value, and
N virtual qubits, which are in their vacuum state.

Maximal entanglement between H and E implies that
both regions have an equal number of real and virtual
qubits. Moreover, a typical qubit of each type is neces-
sarily stored in correlations across the horizon. To see
this, consider one internal qubit. It is maximally entan-
gled with an external qubit. Statistically, the qubit pair
contains one logical and one virtual qubit, and each is
evenly divided over the interior and exterior. This bal-
ance holds within a statistical variance of order 1/

p
2N .

Via this general reasoning, we deduce that a typical
entangled qubit pair in a balanced black hole state takes
the general form (c.f. eq (3) )

�� 
↵

= ↵0

��0
↵
h

��0
↵
e
+ ↵1

��1
↵
h

��1
↵
e
, (4)

where ↵0 and ↵1 are arbitrary complex amplitudes. This
state is maximally entangled if |↵0|2 = |↵1|2 = 1/2.
The entangled qubit pair of the form (4) spans a two-
dimensional subspace of all possible two qubit states, and
thus carries one qubit of information. This logical qubit is
stored in a non-local way and is shared between the hori-
zon and the environment. The pair (4) also carries one
virtual qubit, which can be thought of carrying the infor-
mation of the spatial wavefunction of the logical qubit. If
the virtual qubit is in its ground state, the internal and
external qubit values are identical as in (4), if it is in an
excited state, they are opposite.

Let us make two simple but important remarks. The
first comment is that the entanglement between H and E,
and the bi-local nature of the virtual and logical qubits,
can be removed by a single elementary logical operation:
the controlled-not or CNOT, defined by flipping the first
qubit provided the second qubit reads out as 1. Applying
this CNOT operation to (4) gives

UCNOT

�� 
↵

=
��0

↵
h

�
↵0

��0
↵
e
+ ↵1

��1
↵
e

�
(5)

The virtual and logical qubit are now manifest: the vir-
tual qubit is mapped into the horizon state, while the
environment qubit has become identified with the logical
qubit. After the CNOT operation the environment thus
contains all quantum information.

Physically, the CNOT operation executes a unitary
quantum teleportation protocol: it measures the exte-
rior qubit, and then depending the outcome it performs
a rotation on a interior qubit. Thanks to the long range
entanglement, this procedure transports coherent quan-
tum information from the interior to the exterior. The
teleportation protocol is unitary, because there is no pro-
jection involved on a given outcome of the measurement.

Our second remark is that each qubit can be seen as a
represention of a pair of Dirac oscillators. We will denote

them by h and h

† for the horizon qubit and by e and e

†

for the environment qubit. The Dirac oscillators obey

{h,h†} = 1, and h

2 = h

† 2 = 0, (6)

and similarly for e and e

†. The state
��0

↵
h

represents the
ground state of h, and

��1
↵
h

its excited state

h

��0
↵
h

= 0, h

†��0
↵
h

=
��1

↵
h
. (7)

Let us now combine the above two comments. We
would like to be able to write all balanced two qubit states
(4) in the form of a vacuum state. This means they all
should obey similar vacuum conditions as the state

��0
↵
h
.

It is straightforward to find these conditions by making
use of the CNOT operation (5). Note that UCNOT may
be expressed with the help of the Dirac oscillators as

UCNOT = (h + h

†)ne , where ne = e

†
e (8)

is the Dirac fermion number for the external qubit.
The states

�� 
↵

given in (4) are ground states for the
Dirac operators a and a

† associated to the virtual qubits.
These oscillators a and a

† are obtained by conjugating h

and h

† with UCNOT . We have

a = U

�1
CNOT

hUCNOT . (9)

Explicitly, one finds a = h(1 � e

†
e) + h

†
e

†
e. The fact

that the virtual qubit carried by the state (4) is in its
ground state translates into the vacuum condition

a

�� 
↵

= 0. (10)

So we have succeeded in identifying all physical states (4)
with a local vacuum state. Moreover, the construction of
the annihilation mode a is state independent: it works
for all states of the form (4). This observation is the key
to the resolution of the firewall paradox.

D. Removing the Firewall

The original firewall argument, in short, goes as fol-
lows. Consider a quantum black hole for which every
interior qubit is entangled with a radiation qubit. Now,
one qubit leaves the horizon through the Hawking pro-
cess. In order for an infalling observer to experience no
drama, the qubit must form a unique EPR pair with
another interior qubit. This EPR pairing, however, is
forbidden by monogamy of entanglement.

Let us revisit the argument in the context of balanced
holography. Consider the following quartet of qubits

��s1,s2

↵
h

= two interior qubits h1 and h2 inside H��s3,s4

↵
e

= two external qubits e3 and e4 inside E

Majorana quartet!



Topological	  entanglement	  entropy	  

measures topological long range order 

SA = �tr(⇢A log ⇢A) ⇢A = trB(| ih |)
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S    = modular S-matrix of CFT conformal blocks 

a d    = quantum dimensions of anyon excitations 
a 
b 



S     = Log S     a 
o  top 

Topological	  entanglement	  entropy	  

A	
 B	


a = SL(2,R) x SL(2,R) representation that 
characterizes the BTZ black hole state 



Dynamics of boundary Liouville theory became clarified in late 1990’s by the method of

conformal bootstrap [2]. We first reintroduce the result of conformal bootstrap using repre-

sentation theory and the modular properties of character formulas.

It is known that there are two types of representations in bosonic Liouville theory: con-

tinuous and identity representation. Their character formulas and their S-transformation are

given by (q ! e2!i" )

continuous representations; p > 0

!p(") =
qh! c

24

!
n=1(1 " qn)

=
q

p2

2

#(")
, h =

p2

2
+

Q2

8

!p("
1

"
) = 2

" "

0

dp# cos(2$pp#)!p!("), (1.4)

identity representation; h = 0

!h=0(") =
q!

Q2

8 (1 " q)

#(")
,

!h=0("
1

"
) = 4

" "

0

dp sinh(2$bp) sinh(
2$p

b
)!p(") (1.5)

We identify the LHS of the above equations as describing the open string channel and RHS

as the closed string channel. We then find that open and closed channels have di!erent spectra:

open closed

#
$$%

$$&

continuous rep.

identity rep.

continuous rep.

Namely, there exist no identity representation in the closed string channel. This is consistent

with the presence of mass gap and the decoupling of gravity in non-compact space-time. Indeed

the conformal dimension of a vertex operator e#$ is given by

h(e#$) = "%2

2
+

%Q
2

= "
(% " 1

2Q)2

2
+

Q2

8

=
p2

2
+

Q2

8
# Q2

8
for % = ip +

1

2
Q (1.6)

for continuous representations. Thus there is a gap of Q2/8 in the spectrum of continuous

representations.
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1 Introduction

Description of strings propagating on non-compact curved background is a challenging prob-

lem in particular when the space-time develops a singularity. A better grasp of underlying

conformal field theory (CFT) should shed light on the physics of such space-time.

When a Calabi-Yau (CY) manifold is non-compact or singular, it is necessary to introduce a

CFT possessing continuous as well as discrete representations in order to describe its geometry.

These CFT’s have a central charge above the ”threshold”, i.e. c = 3 for N = 2 supersymmetric

case, and are of non-minimal type. We may call these theories generically as Liouville type

theories. Since continuous and discrete representations mix under modular transformations,

representations of Liouville theories in general do not have good modular properties. Thus it

is a non-trivial problem to construct suitable modular invariants describing the geometry of

non-compact CY.

In this paper we present an attempt at constructing (holomorphic) modular invariants for

some non-compact CY manifolds. In particular we propose the elliptic genera for the ALE

spaces which are the degenerate limits of K3 surface. It turns out that the consistency of our

approach hinges on the validity of some theta-function identities. These non-trivial identities

have been proved by D.Zagier and the proof is given in section 2.5.

This paper is a contribution to the Proceedings of the workshop in honor of prof. A.

Tsuchiya’s retirement from Nagoya University on March 2007. It is an expanded version of ref

[1] and contains some new materials on the representation theory of superconformal algebras,

in particular on higher level N = 4 character formulas.

1.1 Bosonic Liouville theory

We start our discussions by reviewing the simple case of bosonic Liouville theory. Its stress

tensor is given by

T (z) = !1

2
(!")2 +

Q
2

!2" (1.1)

where Q is the background charge. Central charge is given by

c = 1 + 3Q2. (1.2)

If we parameterize Q as Q =
"

2(b + 1/b), the vertex operator

exp(
"

2b") (1.3)

has a conformal dimension h = 1. Liouville theory is defined as a theory perturbed by this

marginal operator (Liouville potential) from free fields.
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is determined by the microscopic theory. The 2N qubits
are thus evenly divided into two types: there are N real
or ‘logical’ qubits, which are free to take any value, and
N virtual qubits, which are in their vacuum state.

Maximal entanglement between H and E implies that
both regions have an equal number of real and virtual
qubits. Moreover, a typical qubit of each type is neces-
sarily stored in correlations across the horizon. To see
this, consider one internal qubit. It is maximally entan-
gled with an external qubit. Statistically, the qubit pair
contains one logical and one virtual qubit, and each is
evenly divided over the interior and exterior. This bal-
ance holds within a statistical variance of order 1/

p
2N .

Via this general reasoning, we deduce that a typical
entangled qubit pair in a balanced black hole state takes
the general form (c.f. eq (3) )

�� 
↵

= ↵0

��0
↵
h

��0
↵
e
+ ↵1

��1
↵
h

��1
↵
e
, (4)

where ↵0 and ↵1 are arbitrary complex amplitudes. This
state is maximally entangled if |↵0|2 = |↵1|2 = 1/2.
The entangled qubit pair of the form (4) spans a two-
dimensional subspace of all possible two qubit states, and
thus carries one qubit of information. This logical qubit is
stored in a non-local way and is shared between the hori-
zon and the environment. The pair (4) also carries one
virtual qubit, which can be thought of carrying the infor-
mation of the spatial wavefunction of the logical qubit. If
the virtual qubit is in its ground state, the internal and
external qubit values are identical as in (4), if it is in an
excited state, they are opposite.

Let us make two simple but important remarks. The
first comment is that the entanglement between H and E,
and the bi-local nature of the virtual and logical qubits,
can be removed by a single elementary logical operation:
the controlled-not or CNOT, defined by flipping the first
qubit provided the second qubit reads out as 1. Applying
this CNOT operation to (4) gives

UCNOT

�� 
↵

=
��0

↵
h

�
↵0

��0
↵
e
+ ↵1

��1
↵
e

�
(5)

The virtual and logical qubit are now manifest: the vir-
tual qubit is mapped into the horizon state, while the
environment qubit has become identified with the logical
qubit. After the CNOT operation the environment thus
contains all quantum information.

Physically, the CNOT operation executes a unitary
quantum teleportation protocol: it measures the exte-
rior qubit, and then depending the outcome it performs
a rotation on a interior qubit. Thanks to the long range
entanglement, this procedure transports coherent quan-
tum information from the interior to the exterior. The
teleportation protocol is unitary, because there is no pro-
jection involved on a given outcome of the measurement.

Our second remark is that each qubit can be seen as a
represention of a pair of Dirac oscillators. We will denote

them by h and h

† for the horizon qubit and by e and e

†

for the environment qubit. The Dirac oscillators obey

{h,h†} = 1, and h

2 = h

† 2 = 0, (6)

and similarly for e and e

†. The state
��0

↵
h

represents the
ground state of h, and

��1
↵
h

its excited state

h

��0
↵
h

= 0, h

†��0
↵
h

=
��1

↵
h
. (7)

Let us now combine the above two comments. We
would like to be able to write all balanced two qubit states
(4) in the form of a vacuum state. This means they all
should obey similar vacuum conditions as the state
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h
.

It is straightforward to find these conditions by making
use of the CNOT operation (5). Note that UCNOT may
be expressed with the help of the Dirac oscillators as

UCNOT = (h + h

†)ne , where ne = e
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is the Dirac fermion number for the external qubit.
The states
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Dirac operators a and a
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that the virtual qubit carried by the state (4) is in its
ground state translates into the vacuum condition
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So we have succeeded in identifying all physical states (4)
with a local vacuum state. Moreover, the construction of
the annihilation mode a is state independent: it works
for all states of the form (4). This observation is the key
to the resolution of the firewall paradox.

D. Removing the Firewall

The original firewall argument, in short, goes as fol-
lows. Consider a quantum black hole for which every
interior qubit is entangled with a radiation qubit. Now,
one qubit leaves the horizon through the Hawking pro-
cess. In order for an infalling observer to experience no
drama, the qubit must form a unique EPR pair with
another interior qubit. This EPR pairing, however, is
forbidden by monogamy of entanglement.

Let us revisit the argument in the context of balanced
holography. Consider the following quartet of qubits
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is determined by the microscopic theory. The 2N qubits
are thus evenly divided into two types: there are N real
or ‘logical’ qubits, which are free to take any value, and
N virtual qubits, which are in their vacuum state.

Maximal entanglement between H and E implies that
both regions have an equal number of real and virtual
qubits. Moreover, a typical qubit of each type is neces-
sarily stored in correlations across the horizon. To see
this, consider one internal qubit. It is maximally entan-
gled with an external qubit. Statistically, the qubit pair
contains one logical and one virtual qubit, and each is
evenly divided over the interior and exterior. This bal-
ance holds within a statistical variance of order 1/
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Via this general reasoning, we deduce that a typical
entangled qubit pair in a balanced black hole state takes
the general form (c.f. eq (3) )
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where ↵0 and ↵1 are arbitrary complex amplitudes. This
state is maximally entangled if |↵0|2 = |↵1|2 = 1/2.
The entangled qubit pair of the form (4) spans a two-
dimensional subspace of all possible two qubit states, and
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stored in a non-local way and is shared between the hori-
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virtual qubit, which can be thought of carrying the infor-
mation of the spatial wavefunction of the logical qubit. If
the virtual qubit is in its ground state, the internal and
external qubit values are identical as in (4), if it is in an
excited state, they are opposite.

Let us make two simple but important remarks. The
first comment is that the entanglement between H and E,
and the bi-local nature of the virtual and logical qubits,
can be removed by a single elementary logical operation:
the controlled-not or CNOT, defined by flipping the first
qubit provided the second qubit reads out as 1. Applying
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The virtual and logical qubit are now manifest: the vir-
tual qubit is mapped into the horizon state, while the
environment qubit has become identified with the logical
qubit. After the CNOT operation the environment thus
contains all quantum information.

Physically, the CNOT operation executes a unitary
quantum teleportation protocol: it measures the exte-
rior qubit, and then depending the outcome it performs
a rotation on a interior qubit. Thanks to the long range
entanglement, this procedure transports coherent quan-
tum information from the interior to the exterior. The
teleportation protocol is unitary, because there is no pro-
jection involved on a given outcome of the measurement.

Our second remark is that each qubit can be seen as a
represention of a pair of Dirac oscillators. We will denote

them by h and h

† for the horizon qubit and by e and e
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for the environment qubit. The Dirac oscillators obey
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2 = h

† 2 = 0, (6)

and similarly for e and e

†. The state
��0

↵
h

represents the
ground state of h, and

��1
↵
h

its excited state

h

��0
↵
h

= 0, h

†��0
↵
h

=
��1

↵
h
. (7)

Let us now combine the above two comments. We
would like to be able to write all balanced two qubit states
(4) in the form of a vacuum state. This means they all
should obey similar vacuum conditions as the state
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It is straightforward to find these conditions by making
use of the CNOT operation (5). Note that UCNOT may
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So we have succeeded in identifying all physical states (4)
with a local vacuum state. Moreover, the construction of
the annihilation mode a is state independent: it works
for all states of the form (4). This observation is the key
to the resolution of the firewall paradox.

D. Removing the Firewall

The original firewall argument, in short, goes as fol-
lows. Consider a quantum black hole for which every
interior qubit is entangled with a radiation qubit. Now,
one qubit leaves the horizon through the Hawking pro-
cess. In order for an infalling observer to experience no
drama, the qubit must form a unique EPR pair with
another interior qubit. This EPR pairing, however, is
forbidden by monogamy of entanglement.

Let us revisit the argument in the context of balanced
holography. Consider the following quartet of qubits

��s1,s2

↵
h

= two interior qubits h1 and h2 inside H��s3,s4

↵
e

= two external qubits e3 and e4 inside E

3

is determined by the microscopic theory. The 2N qubits
are thus evenly divided into two types: there are N real
or ‘logical’ qubits, which are free to take any value, and
N virtual qubits, which are in their vacuum state.

Maximal entanglement between H and E implies that
both regions have an equal number of real and virtual
qubits. Moreover, a typical qubit of each type is neces-
sarily stored in correlations across the horizon. To see
this, consider one internal qubit. It is maximally entan-
gled with an external qubit. Statistically, the qubit pair
contains one logical and one virtual qubit, and each is
evenly divided over the interior and exterior. This bal-
ance holds within a statistical variance of order 1/
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Via this general reasoning, we deduce that a typical
entangled qubit pair in a balanced black hole state takes
the general form (c.f. eq (3) )
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where ↵0 and ↵1 are arbitrary complex amplitudes. This
state is maximally entangled if |↵0|2 = |↵1|2 = 1/2.
The entangled qubit pair of the form (4) spans a two-
dimensional subspace of all possible two qubit states, and
thus carries one qubit of information. This logical qubit is
stored in a non-local way and is shared between the hori-
zon and the environment. The pair (4) also carries one
virtual qubit, which can be thought of carrying the infor-
mation of the spatial wavefunction of the logical qubit. If
the virtual qubit is in its ground state, the internal and
external qubit values are identical as in (4), if it is in an
excited state, they are opposite.

Let us make two simple but important remarks. The
first comment is that the entanglement between H and E,
and the bi-local nature of the virtual and logical qubits,
can be removed by a single elementary logical operation:
the controlled-not or CNOT, defined by flipping the first
qubit provided the second qubit reads out as 1. Applying
this CNOT operation to (4) gives
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The virtual and logical qubit are now manifest: the vir-
tual qubit is mapped into the horizon state, while the
environment qubit has become identified with the logical
qubit. After the CNOT operation the environment thus
contains all quantum information.

Physically, the CNOT operation executes a unitary
quantum teleportation protocol: it measures the exte-
rior qubit, and then depending the outcome it performs
a rotation on a interior qubit. Thanks to the long range
entanglement, this procedure transports coherent quan-
tum information from the interior to the exterior. The
teleportation protocol is unitary, because there is no pro-
jection involved on a given outcome of the measurement.

Our second remark is that each qubit can be seen as a
represention of a pair of Dirac oscillators. We will denote

them by h and h

† for the horizon qubit and by e and e
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for the environment qubit. The Dirac oscillators obey
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Let us now combine the above two comments. We
would like to be able to write all balanced two qubit states
(4) in the form of a vacuum state. This means they all
should obey similar vacuum conditions as the state
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.

It is straightforward to find these conditions by making
use of the CNOT operation (5). Note that UCNOT may
be expressed with the help of the Dirac oscillators as

UCNOT = (h + h

†)ne , where ne = e
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is the Dirac fermion number for the external qubit.
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that the virtual qubit carried by the state (4) is in its
ground state translates into the vacuum condition

a

�� 
↵

= 0. (10)

So we have succeeded in identifying all physical states (4)
with a local vacuum state. Moreover, the construction of
the annihilation mode a is state independent: it works
for all states of the form (4). This observation is the key
to the resolution of the firewall paradox.

D. Removing the Firewall

The original firewall argument, in short, goes as fol-
lows. Consider a quantum black hole for which every
interior qubit is entangled with a radiation qubit. Now,
one qubit leaves the horizon through the Hawking pro-
cess. In order for an infalling observer to experience no
drama, the qubit must form a unique EPR pair with
another interior qubit. This EPR pairing, however, is
forbidden by monogamy of entanglement.

Let us revisit the argument in the context of balanced
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is determined by the microscopic theory. The 2N qubits
are thus evenly divided into two types: there are N real
or ‘logical’ qubits, which are free to take any value, and
N virtual qubits, which are in their vacuum state.

Maximal entanglement between H and E implies that
both regions have an equal number of real and virtual
qubits. Moreover, a typical qubit of each type is neces-
sarily stored in correlations across the horizon. To see
this, consider one internal qubit. It is maximally entan-
gled with an external qubit. Statistically, the qubit pair
contains one logical and one virtual qubit, and each is
evenly divided over the interior and exterior. This bal-
ance holds within a statistical variance of order 1/
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Via this general reasoning, we deduce that a typical
entangled qubit pair in a balanced black hole state takes
the general form (c.f. eq (3) )
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where ↵0 and ↵1 are arbitrary complex amplitudes. This
state is maximally entangled if |↵0|2 = |↵1|2 = 1/2.
The entangled qubit pair of the form (4) spans a two-
dimensional subspace of all possible two qubit states, and
thus carries one qubit of information. This logical qubit is
stored in a non-local way and is shared between the hori-
zon and the environment. The pair (4) also carries one
virtual qubit, which can be thought of carrying the infor-
mation of the spatial wavefunction of the logical qubit. If
the virtual qubit is in its ground state, the internal and
external qubit values are identical as in (4), if it is in an
excited state, they are opposite.

Let us make two simple but important remarks. The
first comment is that the entanglement between H and E,
and the bi-local nature of the virtual and logical qubits,
can be removed by a single elementary logical operation:
the controlled-not or CNOT, defined by flipping the first
qubit provided the second qubit reads out as 1. Applying
this CNOT operation to (4) gives
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The virtual and logical qubit are now manifest: the vir-
tual qubit is mapped into the horizon state, while the
environment qubit has become identified with the logical
qubit. After the CNOT operation the environment thus
contains all quantum information.

Physically, the CNOT operation executes a unitary
quantum teleportation protocol: it measures the exte-
rior qubit, and then depending the outcome it performs
a rotation on a interior qubit. Thanks to the long range
entanglement, this procedure transports coherent quan-
tum information from the interior to the exterior. The
teleportation protocol is unitary, because there is no pro-
jection involved on a given outcome of the measurement.

Our second remark is that each qubit can be seen as a
represention of a pair of Dirac oscillators. We will denote

them by h and h

† for the horizon qubit and by e and e
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for the environment qubit. The Dirac oscillators obey
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Let us now combine the above two comments. We
would like to be able to write all balanced two qubit states
(4) in the form of a vacuum state. This means they all
should obey similar vacuum conditions as the state
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It is straightforward to find these conditions by making
use of the CNOT operation (5). Note that UCNOT may
be expressed with the help of the Dirac oscillators as

UCNOT = (h + h
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is the Dirac fermion number for the external qubit.
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that the virtual qubit carried by the state (4) is in its
ground state translates into the vacuum condition
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So we have succeeded in identifying all physical states (4)
with a local vacuum state. Moreover, the construction of
the annihilation mode a is state independent: it works
for all states of the form (4). This observation is the key
to the resolution of the firewall paradox.

D. Removing the Firewall

The original firewall argument, in short, goes as fol-
lows. Consider a quantum black hole for which every
interior qubit is entangled with a radiation qubit. Now,
one qubit leaves the horizon through the Hawking pro-
cess. In order for an infalling observer to experience no
drama, the qubit must form a unique EPR pair with
another interior qubit. This EPR pairing, however, is
forbidden by monogamy of entanglement.

Let us revisit the argument in the context of balanced
holography. Consider the following quartet of qubits
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is determined by the microscopic theory. The 2N qubits
are thus evenly divided into two types: there are N real
or ‘logical’ qubits, which are free to take any value, and
N virtual qubits, which are in their vacuum state.

Maximal entanglement between H and E implies that
both regions have an equal number of real and virtual
qubits. Moreover, a typical qubit of each type is neces-
sarily stored in correlations across the horizon. To see
this, consider one internal qubit. It is maximally entan-
gled with an external qubit. Statistically, the qubit pair
contains one logical and one virtual qubit, and each is
evenly divided over the interior and exterior. This bal-
ance holds within a statistical variance of order 1/

p
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Via this general reasoning, we deduce that a typical
entangled qubit pair in a balanced black hole state takes
the general form (c.f. eq (3) )
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where ↵0 and ↵1 are arbitrary complex amplitudes. This
state is maximally entangled if |↵0|2 = |↵1|2 = 1/2.
The entangled qubit pair of the form (4) spans a two-
dimensional subspace of all possible two qubit states, and
thus carries one qubit of information. This logical qubit is
stored in a non-local way and is shared between the hori-
zon and the environment. The pair (4) also carries one
virtual qubit, which can be thought of carrying the infor-
mation of the spatial wavefunction of the logical qubit. If
the virtual qubit is in its ground state, the internal and
external qubit values are identical as in (4), if it is in an
excited state, they are opposite.

Let us make two simple but important remarks. The
first comment is that the entanglement between H and E,
and the bi-local nature of the virtual and logical qubits,
can be removed by a single elementary logical operation:
the controlled-not or CNOT, defined by flipping the first
qubit provided the second qubit reads out as 1. Applying
this CNOT operation to (4) gives
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The virtual and logical qubit are now manifest: the vir-
tual qubit is mapped into the horizon state, while the
environment qubit has become identified with the logical
qubit. After the CNOT operation the environment thus
contains all quantum information.

Physically, the CNOT operation executes a unitary
quantum teleportation protocol: it measures the exte-
rior qubit, and then depending the outcome it performs
a rotation on a interior qubit. Thanks to the long range
entanglement, this procedure transports coherent quan-
tum information from the interior to the exterior. The
teleportation protocol is unitary, because there is no pro-
jection involved on a given outcome of the measurement.

Our second remark is that each qubit can be seen as a
represention of a pair of Dirac oscillators. We will denote

them by h and h
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for the environment qubit. The Dirac oscillators obey
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Let us now combine the above two comments. We
would like to be able to write all balanced two qubit states
(4) in the form of a vacuum state. This means they all
should obey similar vacuum conditions as the state
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It is straightforward to find these conditions by making
use of the CNOT operation (5). Note that UCNOT may
be expressed with the help of the Dirac oscillators as

UCNOT = (h + h
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is the Dirac fermion number for the external qubit.
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that the virtual qubit carried by the state (4) is in its
ground state translates into the vacuum condition
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So we have succeeded in identifying all physical states (4)
with a local vacuum state. Moreover, the construction of
the annihilation mode a is state independent: it works
for all states of the form (4). This observation is the key
to the resolution of the firewall paradox.

D. Removing the Firewall

The original firewall argument, in short, goes as fol-
lows. Consider a quantum black hole for which every
interior qubit is entangled with a radiation qubit. Now,
one qubit leaves the horizon through the Hawking pro-
cess. In order for an infalling observer to experience no
drama, the qubit must form a unique EPR pair with
another interior qubit. This EPR pairing, however, is
forbidden by monogamy of entanglement.

Let us revisit the argument in the context of balanced
holography. Consider the following quartet of qubits
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is determined by the microscopic theory. The 2N qubits
are thus evenly divided into two types: there are N real
or ‘logical’ qubits, which are free to take any value, and
N virtual qubits, which are in their vacuum state.

Maximal entanglement between H and E implies that
both regions have an equal number of real and virtual
qubits. Moreover, a typical qubit of each type is neces-
sarily stored in correlations across the horizon. To see
this, consider one internal qubit. It is maximally entan-
gled with an external qubit. Statistically, the qubit pair
contains one logical and one virtual qubit, and each is
evenly divided over the interior and exterior. This bal-
ance holds within a statistical variance of order 1/
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Via this general reasoning, we deduce that a typical
entangled qubit pair in a balanced black hole state takes
the general form (c.f. eq (3) )
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where ↵0 and ↵1 are arbitrary complex amplitudes. This
state is maximally entangled if |↵0|2 = |↵1|2 = 1/2.
The entangled qubit pair of the form (4) spans a two-
dimensional subspace of all possible two qubit states, and
thus carries one qubit of information. This logical qubit is
stored in a non-local way and is shared between the hori-
zon and the environment. The pair (4) also carries one
virtual qubit, which can be thought of carrying the infor-
mation of the spatial wavefunction of the logical qubit. If
the virtual qubit is in its ground state, the internal and
external qubit values are identical as in (4), if it is in an
excited state, they are opposite.

Let us make two simple but important remarks. The
first comment is that the entanglement between H and E,
and the bi-local nature of the virtual and logical qubits,
can be removed by a single elementary logical operation:
the controlled-not or CNOT, defined by flipping the first
qubit provided the second qubit reads out as 1. Applying
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The virtual and logical qubit are now manifest: the vir-
tual qubit is mapped into the horizon state, while the
environment qubit has become identified with the logical
qubit. After the CNOT operation the environment thus
contains all quantum information.

Physically, the CNOT operation executes a unitary
quantum teleportation protocol: it measures the exte-
rior qubit, and then depending the outcome it performs
a rotation on a interior qubit. Thanks to the long range
entanglement, this procedure transports coherent quan-
tum information from the interior to the exterior. The
teleportation protocol is unitary, because there is no pro-
jection involved on a given outcome of the measurement.

Our second remark is that each qubit can be seen as a
represention of a pair of Dirac oscillators. We will denote
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would like to be able to write all balanced two qubit states
(4) in the form of a vacuum state. This means they all
should obey similar vacuum conditions as the state
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So we have succeeded in identifying all physical states (4)
with a local vacuum state. Moreover, the construction of
the annihilation mode a is state independent: it works
for all states of the form (4). This observation is the key
to the resolution of the firewall paradox.

D. Removing the Firewall

The original firewall argument, in short, goes as fol-
lows. Consider a quantum black hole for which every
interior qubit is entangled with a radiation qubit. Now,
one qubit leaves the horizon through the Hawking pro-
cess. In order for an infalling observer to experience no
drama, the qubit must form a unique EPR pair with
another interior qubit. This EPR pairing, however, is
forbidden by monogamy of entanglement.

Let us revisit the argument in the context of balanced
holography. Consider the following quartet of qubits

��s1,s2

↵
h

= two interior qubits h1 and h2 inside H��s3,s4

↵
e

= two external qubits e3 and e4 inside E

3

is determined by the microscopic theory. The 2N qubits
are thus evenly divided into two types: there are N real
or ‘logical’ qubits, which are free to take any value, and
N virtual qubits, which are in their vacuum state.

Maximal entanglement between H and E implies that
both regions have an equal number of real and virtual
qubits. Moreover, a typical qubit of each type is neces-
sarily stored in correlations across the horizon. To see
this, consider one internal qubit. It is maximally entan-
gled with an external qubit. Statistically, the qubit pair
contains one logical and one virtual qubit, and each is
evenly divided over the interior and exterior. This bal-
ance holds within a statistical variance of order 1/

p
2N .

Via this general reasoning, we deduce that a typical
entangled qubit pair in a balanced black hole state takes
the general form (c.f. eq (3) )
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where ↵0 and ↵1 are arbitrary complex amplitudes. This
state is maximally entangled if |↵0|2 = |↵1|2 = 1/2.
The entangled qubit pair of the form (4) spans a two-
dimensional subspace of all possible two qubit states, and
thus carries one qubit of information. This logical qubit is
stored in a non-local way and is shared between the hori-
zon and the environment. The pair (4) also carries one
virtual qubit, which can be thought of carrying the infor-
mation of the spatial wavefunction of the logical qubit. If
the virtual qubit is in its ground state, the internal and
external qubit values are identical as in (4), if it is in an
excited state, they are opposite.

Let us make two simple but important remarks. The
first comment is that the entanglement between H and E,
and the bi-local nature of the virtual and logical qubits,
can be removed by a single elementary logical operation:
the controlled-not or CNOT, defined by flipping the first
qubit provided the second qubit reads out as 1. Applying
this CNOT operation to (4) gives
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The virtual and logical qubit are now manifest: the vir-
tual qubit is mapped into the horizon state, while the
environment qubit has become identified with the logical
qubit. After the CNOT operation the environment thus
contains all quantum information.

Physically, the CNOT operation executes a unitary
quantum teleportation protocol: it measures the exte-
rior qubit, and then depending the outcome it performs
a rotation on a interior qubit. Thanks to the long range
entanglement, this procedure transports coherent quan-
tum information from the interior to the exterior. The
teleportation protocol is unitary, because there is no pro-
jection involved on a given outcome of the measurement.

Our second remark is that each qubit can be seen as a
represention of a pair of Dirac oscillators. We will denote

them by h and h

† for the horizon qubit and by e and e
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for the environment qubit. The Dirac oscillators obey
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Let us now combine the above two comments. We
would like to be able to write all balanced two qubit states
(4) in the form of a vacuum state. This means they all
should obey similar vacuum conditions as the state
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It is straightforward to find these conditions by making
use of the CNOT operation (5). Note that UCNOT may
be expressed with the help of the Dirac oscillators as
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that the virtual qubit carried by the state (4) is in its
ground state translates into the vacuum condition
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So we have succeeded in identifying all physical states (4)
with a local vacuum state. Moreover, the construction of
the annihilation mode a is state independent: it works
for all states of the form (4). This observation is the key
to the resolution of the firewall paradox.
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one qubit leaves the horizon through the Hawking pro-
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qubit. After the CNOT operation the environment thus
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rior qubit, and then depending the outcome it performs
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with a local vacuum state. Moreover, the construction of
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for all states of the form (4). This observation is the key
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or ‘logical’ qubits, which are free to take any value, and
N virtual qubits, which are in their vacuum state.
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both regions have an equal number of real and virtual
qubits. Moreover, a typical qubit of each type is neces-
sarily stored in correlations across the horizon. To see
this, consider one internal qubit. It is maximally entan-
gled with an external qubit. Statistically, the qubit pair
contains one logical and one virtual qubit, and each is
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ance holds within a statistical variance of order 1/
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where ↵0 and ↵1 are arbitrary complex amplitudes. This
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The entangled qubit pair of the form (4) spans a two-
dimensional subspace of all possible two qubit states, and
thus carries one qubit of information. This logical qubit is
stored in a non-local way and is shared between the hori-
zon and the environment. The pair (4) also carries one
virtual qubit, which can be thought of carrying the infor-
mation of the spatial wavefunction of the logical qubit. If
the virtual qubit is in its ground state, the internal and
external qubit values are identical as in (4), if it is in an
excited state, they are opposite.
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can be removed by a single elementary logical operation:
the controlled-not or CNOT, defined by flipping the first
qubit provided the second qubit reads out as 1. Applying
this CNOT operation to (4) gives

UCNOT

�� 
↵

=
��0

↵
h

�
↵0

��0
↵
e
+ ↵1

��1
↵
e

�
(5)

The virtual and logical qubit are now manifest: the vir-
tual qubit is mapped into the horizon state, while the
environment qubit has become identified with the logical
qubit. After the CNOT operation the environment thus
contains all quantum information.

Physically, the CNOT operation executes a unitary
quantum teleportation protocol: it measures the exte-
rior qubit, and then depending the outcome it performs
a rotation on a interior qubit. Thanks to the long range
entanglement, this procedure transports coherent quan-
tum information from the interior to the exterior. The
teleportation protocol is unitary, because there is no pro-
jection involved on a given outcome of the measurement.

Our second remark is that each qubit can be seen as a
represention of a pair of Dirac oscillators. We will denote

them by h and h

† for the horizon qubit and by e and e

†

for the environment qubit. The Dirac oscillators obey

{h,h†} = 1, and h

2 = h

† 2 = 0, (6)

and similarly for e and e

†. The state
��0

↵
h

represents the
ground state of h, and

��1
↵
h

its excited state

h

��0
↵
h

= 0, h

†��0
↵
h

=
��1

↵
h
. (7)
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would like to be able to write all balanced two qubit states
(4) in the form of a vacuum state. This means they all
should obey similar vacuum conditions as the state
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It is straightforward to find these conditions by making
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So we have succeeded in identifying all physical states (4)
with a local vacuum state. Moreover, the construction of
the annihilation mode a is state independent: it works
for all states of the form (4). This observation is the key
to the resolution of the firewall paradox.
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The original firewall argument, in short, goes as fol-
lows. Consider a quantum black hole for which every
interior qubit is entangled with a radiation qubit. Now,
one qubit leaves the horizon through the Hawking pro-
cess. In order for an infalling observer to experience no
drama, the qubit must form a unique EPR pair with
another interior qubit. This EPR pairing, however, is
forbidden by monogamy of entanglement.
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is determined by the microscopic theory. The 2N qubits
are thus evenly divided into two types: there are N real
or ‘logical’ qubits, which are free to take any value, and
N virtual qubits, which are in their vacuum state.

Maximal entanglement between H and E implies that
both regions have an equal number of real and virtual
qubits. Moreover, a typical qubit of each type is neces-
sarily stored in correlations across the horizon. To see
this, consider one internal qubit. It is maximally entan-
gled with an external qubit. Statistically, the qubit pair
contains one logical and one virtual qubit, and each is
evenly divided over the interior and exterior. This bal-
ance holds within a statistical variance of order 1/
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where ↵0 and ↵1 are arbitrary complex amplitudes. This
state is maximally entangled if |↵0|2 = |↵1|2 = 1/2.
The entangled qubit pair of the form (4) spans a two-
dimensional subspace of all possible two qubit states, and
thus carries one qubit of information. This logical qubit is
stored in a non-local way and is shared between the hori-
zon and the environment. The pair (4) also carries one
virtual qubit, which can be thought of carrying the infor-
mation of the spatial wavefunction of the logical qubit. If
the virtual qubit is in its ground state, the internal and
external qubit values are identical as in (4), if it is in an
excited state, they are opposite.

Let us make two simple but important remarks. The
first comment is that the entanglement between H and E,
and the bi-local nature of the virtual and logical qubits,
can be removed by a single elementary logical operation:
the controlled-not or CNOT, defined by flipping the first
qubit provided the second qubit reads out as 1. Applying
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The virtual and logical qubit are now manifest: the vir-
tual qubit is mapped into the horizon state, while the
environment qubit has become identified with the logical
qubit. After the CNOT operation the environment thus
contains all quantum information.

Physically, the CNOT operation executes a unitary
quantum teleportation protocol: it measures the exte-
rior qubit, and then depending the outcome it performs
a rotation on a interior qubit. Thanks to the long range
entanglement, this procedure transports coherent quan-
tum information from the interior to the exterior. The
teleportation protocol is unitary, because there is no pro-
jection involved on a given outcome of the measurement.

Our second remark is that each qubit can be seen as a
represention of a pair of Dirac oscillators. We will denote
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Let us now combine the above two comments. We
would like to be able to write all balanced two qubit states
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So we have succeeded in identifying all physical states (4)
with a local vacuum state. Moreover, the construction of
the annihilation mode a is state independent: it works
for all states of the form (4). This observation is the key
to the resolution of the firewall paradox.
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are thus evenly divided into two types: there are N real
or ‘logical’ qubits, which are free to take any value, and
N virtual qubits, which are in their vacuum state.

Maximal entanglement between H and E implies that
both regions have an equal number of real and virtual
qubits. Moreover, a typical qubit of each type is neces-
sarily stored in correlations across the horizon. To see
this, consider one internal qubit. It is maximally entan-
gled with an external qubit. Statistically, the qubit pair
contains one logical and one virtual qubit, and each is
evenly divided over the interior and exterior. This bal-
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where ↵0 and ↵1 are arbitrary complex amplitudes. This
state is maximally entangled if |↵0|2 = |↵1|2 = 1/2.
The entangled qubit pair of the form (4) spans a two-
dimensional subspace of all possible two qubit states, and
thus carries one qubit of information. This logical qubit is
stored in a non-local way and is shared between the hori-
zon and the environment. The pair (4) also carries one
virtual qubit, which can be thought of carrying the infor-
mation of the spatial wavefunction of the logical qubit. If
the virtual qubit is in its ground state, the internal and
external qubit values are identical as in (4), if it is in an
excited state, they are opposite.
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The virtual and logical qubit are now manifest: the vir-
tual qubit is mapped into the horizon state, while the
environment qubit has become identified with the logical
qubit. After the CNOT operation the environment thus
contains all quantum information.

Physically, the CNOT operation executes a unitary
quantum teleportation protocol: it measures the exte-
rior qubit, and then depending the outcome it performs
a rotation on a interior qubit. Thanks to the long range
entanglement, this procedure transports coherent quan-
tum information from the interior to the exterior. The
teleportation protocol is unitary, because there is no pro-
jection involved on a given outcome of the measurement.

Our second remark is that each qubit can be seen as a
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So we have succeeded in identifying all physical states (4)
with a local vacuum state. Moreover, the construction of
the annihilation mode a is state independent: it works
for all states of the form (4). This observation is the key
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drama, the qubit must form a unique EPR pair with
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Source of logical tension:  austere locality assumptions

As string theory & information paradox demonstrate, 
the medium by which black holes store and release

information can not be captured by local QFT.

Black hole information must involve 
hidden long range quantum correlations, 

coded in the structure of space itself: 

Space represents a highly entangled quantum state. 
Uniformity and locality are emergent properties

rather than fundamental principles of the microphysics.
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