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Outline
• SYK Black Hole Microstates. Atypical and Typical States. 
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SYK BH Microstates
• N Majorana Fermions = N/2 Spins.
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region composed of the union of all spacelike slices bounded by the Ryu-Takayanagi

(RT) or Hubeny-Rangamani-Takayanagi (HRT) surface and the boundary subregion

itself [21–23]. The proven statement is that any bulk operator with support within W sE
has a dual boundary operator supported purely on sE [24, 25]. Furthermore as shown

in [26], this framework reproduces the RT [27] (HRT [28]) formula for computing the

von Neumann entropy of the region sE, along with its associated quantum corrections

(bulk EFT entanglement entropy) [29],

Sp⇢ sEq “

A

4GN

` Sp⇢WĒ
q. (1.3)

Given the success of this framework it behooves us to apply it to the context of the

black hole interior.

The setting in which we will implement these ideas to the black hole interior will

be within the duality between AdS2 gravity and (a subsector of) the SYK model. The

SYK model is a system of N Majorana fermions randomly coupled via the q-local

Hamiltonian [30, 31],

H “ p´1q

q{2
Nÿ

i1...iq

Ji1...iq i1 ... iq (1.4)

for q ! N . This system has been found to reproduce many features of gravity in AdS2

including the pattern of conformal symmetry breaking at low energies [32], as well as

saturating the bound on chaos typical of commutators in black hole backgrounds [33].

A particularly interesting and controlled setting in which the reconstruction of the black

hole interior can be addressed is the Kourkoulo-Maldacena (KM) construction of pure

black hole microstates in the SYK model [34]1 (see also [36] for further constructions).

The KM construction is as follows. First one defines a set of states |Bsy which satisfy

`
 2k´1

´ isk 
2k

˘
|Bsy “ 0 ñ Sk|Bsy “ sk|Bsy (1.5)

where Sk “ 2i 2k´1 2k is a spin operator with eigenvalues sk “ ˘1. This set of states

spans the entire Hilbert space of SYK of dimension 2N{2. One can then obtain black

holes of e↵ective temperature � by evolving these states in Euclidean time

|B�
s y “ e´�

2H
|Bsy (1.6)

which produces an overcomplete basis of black hole microstates of temperature �.

Within the low energy analysis, the geometry of these black holes looks like that of an

1See also [35] for earlier consideration of microstates in an SYK-like model.
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Figure 2: We set N = 30. In the left we plot the square of the coe�cients of the non-zero
expansion of |Bi in terms of the energy of the energy eigenstates. (Half of the coe�cients
are automatically are zero due to the (�1)F symmetry). They are random looking. The
average value of the square of the non-zero coe�cients is 2�N/2+1, which is about 0.6⇥10�4.
Note that the density of eigenstates is not uniform along the horizontal axis. On the right
see the phases of the coe�cients. More precisely, since the phases of the energy eigenstates
can be chosen independently for each eigenstate, we really plot the di↵erence in phases for
two di↵erent states |Bsi, |Bs0i.

linear combination of initial states should be able to give us a state with eigenvalue S
1

= 1
at any time. For a detailed analysis of the long time behavior in SYK see [16]. We have
also compared the answer to the twice the square of the thermal correlator, as predicted
by (3.12). They match fairly closely despite the relatively low value of N .

5.3 Entanglement entropy of subsystems

Here we consider the boundary state |Bi and we evolve it in Lorentzian time. We can
organize the Hilbert space as a tensor product of qubits, viewing the first qubit as the one
whose �3 is given by S

1

= 2i 1 2, and similarly with the other qubits. More precisely,
we represent the  i in terms of qubits by a Jordan Wigner transformation5 , and then we
look at the tensor decomposition of the Hilbert space in terms of the Hilbert spaces of
each of these qubits. The initial state is simple in terms of these qubits because it obeys
a condition Sk|Bi = |Bi. It is a factorized state. However, the evolution by the SYK
Hamiltonian gives us general linear combinations of states with definite spins. So if we
consider the subfactor of the Hilbert space generated by the first few qubits, the initial
state is unentangled with the rest, but it will become entangled under time evolution. In
fact, it becomes rapidly entangled as in a typical state of the Hilbert space [17]. By rapidly,

5Explicitly:  2k�1 = �1
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saturating the bound on chaos typical of commutators in black hole backgrounds [33].
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Within the low energy analysis, the geometry of these black holes looks like that of an
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SYK BH Microstates
• N Majorana Fermions = N/2 Spins. 

• Consider basis: 
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region composed of the union of all spacelike slices bounded by the Ryu-Takayanagi

(RT) or Hubeny-Rangamani-Takayanagi (HRT) surface and the boundary subregion

itself [21–23]. The proven statement is that any bulk operator with support within W sE
has a dual boundary operator supported purely on sE [24, 25]. Furthermore as shown

in [26], this framework reproduces the RT [27] (HRT [28]) formula for computing the

von Neumann entropy of the region sE, along with its associated quantum corrections

(bulk EFT entanglement entropy) [29],

Sp⇢ sEq “

A

4GN

` Sp⇢WĒ
q. (1.3)

Given the success of this framework it behooves us to apply it to the context of the

black hole interior.

The setting in which we will implement these ideas to the black hole interior will

be within the duality between AdS2 gravity and (a subsector of) the SYK model. The

SYK model is a system of N Majorana fermions randomly coupled via the q-local

Hamiltonian [30, 31],

H “ p´1q

q{2
Nÿ

i1...iq

Ji1...iq i1 ... iq (1.4)

for q ! N . This system has been found to reproduce many features of gravity in AdS2

including the pattern of conformal symmetry breaking at low energies [32], as well as

saturating the bound on chaos typical of commutators in black hole backgrounds [33].

A particularly interesting and controlled setting in which the reconstruction of the black

hole interior can be addressed is the Kourkoulo-Maldacena (KM) construction of pure

black hole microstates in the SYK model [34]1 (see also [36] for further constructions).

The KM construction is as follows. First one defines a set of states |Bsy which satisfy

`
 2k´1

´ isk 
2k

˘
|Bsy “ 0 ñ Sk|Bsy “ sk|Bsy (1.5)

where Sk “ 2i 2k´1 2k is a spin operator with eigenvalues sk “ ˘1. This set of states

spans the entire Hilbert space of SYK of dimension 2N{2. One can then obtain black

holes of e↵ective temperature � by evolving these states in Euclidean time

|B�
s y “ e´�

2H
|Bsy (1.6)

which produces an overcomplete basis of black hole microstates of temperature �.

Within the low energy analysis, the geometry of these black holes looks like that of an

1See also [35] for earlier consideration of microstates in an SYK-like model.
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Figure 2: We set N = 30. In the left we plot the square of the coe�cients of the non-zero
expansion of |Bi in terms of the energy of the energy eigenstates. (Half of the coe�cients
are automatically are zero due to the (�1)F symmetry). They are random looking. The
average value of the square of the non-zero coe�cients is 2�N/2+1, which is about 0.6⇥10�4.
Note that the density of eigenstates is not uniform along the horizontal axis. On the right
see the phases of the coe�cients. More precisely, since the phases of the energy eigenstates
can be chosen independently for each eigenstate, we really plot the di↵erence in phases for
two di↵erent states |Bsi, |Bs0i.

linear combination of initial states should be able to give us a state with eigenvalue S
1

= 1
at any time. For a detailed analysis of the long time behavior in SYK see [16]. We have
also compared the answer to the twice the square of the thermal correlator, as predicted
by (3.12). They match fairly closely despite the relatively low value of N .

5.3 Entanglement entropy of subsystems

Here we consider the boundary state |Bi and we evolve it in Lorentzian time. We can
organize the Hilbert space as a tensor product of qubits, viewing the first qubit as the one
whose �3 is given by S

1

= 2i 1 2, and similarly with the other qubits. More precisely,
we represent the  i in terms of qubits by a Jordan Wigner transformation5 , and then we
look at the tensor decomposition of the Hilbert space in terms of the Hilbert spaces of
each of these qubits. The initial state is simple in terms of these qubits because it obeys
a condition Sk|Bi = |Bi. It is a factorized state. However, the evolution by the SYK
Hamiltonian gives us general linear combinations of states with definite spins. So if we
consider the subfactor of the Hilbert space generated by the first few qubits, the initial
state is unentangled with the rest, but it will become entangled under time evolution. In
fact, it becomes rapidly entangled as in a typical state of the Hilbert space [17]. By rapidly,

5Explicitly:  2k�1 = �1

k

Qk�1

i=1

�3

i ,  2k = �2

k

Qk�1

i=1

�i
k.
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The setting in which we will implement these ideas to the black hole interior will

be within the duality between AdS2 gravity and (a subsector of) the SYK model. The

SYK model is a system of N Majorana fermions randomly coupled via the q-local

Hamiltonian [30, 31],

H “ p´1q

q{2
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i1...iq

Ji1...iq i1 ... iq (1.4)

for q ! N . This system has been found to reproduce many features of gravity in AdS2

including the pattern of conformal symmetry breaking at low energies [32], as well as

saturating the bound on chaos typical of commutators in black hole backgrounds [33].

A particularly interesting and controlled setting in which the reconstruction of the black

hole interior can be addressed is the Kourkoulo-Maldacena (KM) construction of pure

black hole microstates in the SYK model [34]1 (see also [36] for further constructions).

The KM construction is as follows. First one defines a set of states |Bsy which satisfy

`
 2k´1

´ isk 
2k

˘
|Bsy “ 0 ñ Sk|Bsy “ sk|Bsy (1.5)

where Sk “ 2i 2k´1 2k is a spin operator with eigenvalues sk “ ˘1. This set of states

spans the entire Hilbert space of SYK of dimension 2N{2. One can then obtain black

holes of e↵ective temperature � by evolving these states in Euclidean time

|B�
s y “ e´�

2H
|Bsy (1.6)

which produces an overcomplete basis of black hole microstates of temperature �.

Within the low energy analysis, the geometry of these black holes looks like that of an

1See also [35] for earlier consideration of microstates in an SYK-like model.
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Ē
q.

(1.3)

G
iven

th
e
su
ccess

of
th
is

fram
ew

ork
it

b
eh
ooves

u
s
to

ap
p
ly

it
to

th
e
context

of
th
e

b
lack

h
ole

interior.

T
h
e
settin

g
in

w
h
ich

w
e
w
ill

im
p
lem

ent
th
ese

id
eas

to
th
e
b
lack

h
ole

interior
w
ill

b
e
w
ith

in
th
e
d
u
ality

b
etw

een
A
d
S
2
gravity

an
d
(a

su
b
sector

of)
th
e
S
Y
K

m
od

el.
T
h
e

S
Y
K

m
od

el
is

a
system

of
N

M
a
joran

a
ferm

ion
s
ran

d
om

ly
cou

p
led

via
th
e
q-local

H
am

ilton
ian

[30,
31],

H
“

p
´
1
q

q{2
Nÿi1
...iq J

i1
...iq  

i1 ... 
iq

(1.4)

for
q

!
N
.
T
h
is
system

h
as

b
een

fou
n
d
to

rep
rod

u
ce

m
any

featu
res

of
gravity

in
A
d
S
2

in
clu

d
in
g
th
e
p
attern

of
con

form
al

sym
m
etry

b
reakin

g
at

low
en
ergies

[32],
as

w
ell

as

satu
ratin

g
th
e
b
ou

n
d
on

ch
aos

typ
ical

of
com

m
u
tators

in
b
lack

h
ole

b
ackgrou

n
d
s
[33].

A
p
articu

larly
interestin

g
an

d
controlled

settin
g
in

w
h
ich

th
e
recon

stru
ction

of
th
e
b
lack

h
ole

interior
can

b
e
ad

d
ressed

is
th
e
K
ou

rkou
lo-M

ald
acen

a
(K

M
)
con

stru
ction

of
p
u
re

b
lack

h
ole

m
icrostates

in
th
e
S
Y
K

m
od

el
[34] 1

(see
also

[36]
for

fu
rth

er
con

stru
ction

s).

T
h
e
K
M

con
stru

ction
is
as

follow
s.

F
irst

on
e
d
efi
n
es

a
set

of
states

|B
s
y
w
h
ich

satisfy

` 
2
k´

1
´
is

k  
2
k ˘

|B
s
y

“
0


ñ

S
k
|B

s
y

“
s
k
|B

s
y

(1.5)

w
h
ere

S
k

“
2i 

2
k´

1 
2
k
is
a
sp
in

op
erator

w
ith

eigenvalu
es

s
k

“
˘
1.

T
h
is
set

of
states

sp
an

s
th
e
entire

H
ilb

ert
sp
ace

of
S
Y
K

of
d
im

en
sion

2
N

{2.
O
n
e
can

th
en

ob
tain

b
lack

h
oles

of
e↵

ective
tem

p
eratu

re
�
by

evolvin
g
th
ese

states
in

E
u
clid

ean
tim

e

|B
�s
y

“
e ´

�2
H

|B
s
y

(1.6)

w
h
ich

p
rod

u
ces

an
overcom

p
lete

b
asis

of
b
lack

h
ole

m
icrostates

of
tem

p
eratu

re
�
.

W
ith

in
th
e
low

en
ergy

an
alysis,

th
e
geom

etry
of

th
ese

b
lack

h
oles

looks
like

th
at

of
an

1S
ee

also
[35]

for
earlier

con
sid

eration
of

m
icrostates

in
an

S
Y
K
-like

m
od

el.

–
3
–

RhB�
s | 1

R 
1
R|B�

s iR ⇠ LRh�| 1
R 

1
R|�iLR +O(N�q) (10)

RhB�
s | 1

R 
2
Rs1|B�

s iR ⇠ LRh�| 1
L(0) 

2
L(0) 

1
R 

2
R|�iLR +O(N�q) (11)

RhBW
s | 1

R 
1
R|BW

s iR ⇠ LRh�| 1
R 

1
R|�iLR +O(N�q) (12)

RhBW
s | 1

R 
2
Rs1|BW

s iR ⇠ LRh�|W †
L 

1
L(0) 

2
L(0)WL ⌦  1

R 
2
R|�iLR +O(N�q)

(13)

|BW
s iR = LhBs|W |�iLR (14)

=
X

s0
LhBs|W |Bs0iL|B�

s0iR (15)

|Bsi =
X

i

ci|Eii (16)

|ci|2 ⇠ 2�N/2+1 (17)

Sk = 2i 2k�1 2k (18)

2

[Kourkoulou, Maldacena]



SYK BH Microstates
• Obtain from TFD:

Dec 2018 KITP Talk Equations

Ahmed Almheiri

December 8, 2018

1 Equations

|�iLR =
X

E

e�
�
2HR |EiL|EiR (1)

=
X

E

e�
�
2HR

 
X

s

|BsiLhBs|
!
|EiL|EiR (2)

=
X

s

e�
�
2HR |BsiL|BsiR (3)

|Bsi = | "# ... " i (4)

s = {s1, ..., sN/2} (5)

|�iLR =
X

E

e�
�
2HR |EiL|EiR =

X

s

e�
�
2HR |BsiL|BsiR (6)

1

[Kourkoulou, Maldacena]



SYK BH Microstates
• Obtain from TFD:

Dec 2018 KITP Talk Equations

Ahmed Almheiri

December 8, 2018

1 Equations

|�iLR =
X

E

e�
�
2HR |EiL|EiR (1)

=
X

E

e�
�
2HR

 
X

s

|BsiLhBs|
!
|EiL|EiR (2)

=
X

s

e�
�
2HR |BsiL|BsiR (3)

|Bsi = | "# ... " i (4)

s = {s1, ..., sN/2} (5)

|�iLR =
X

E

e�
�
2HR |EiL|EiR =

X

s

e�
�
2HR |BsiL|BsiR (6)

1

[Kourkoulou, Maldacena]



SYK BH Microstates
• Obtain from TFD:

Dec 2018 KITP Talk Equations

Ahmed Almheiri

December 8, 2018

1 Equations

|�iLR =
X

E

e�
�
2HR |EiL|EiR (1)

=
X

E

e�
�
2HR

 
X

s

|BsiLhBs|
!
|EiL|EiR (2)

=
X

s

e�
�
2HR |BsiL|BsiR (3)

|Bsi = | "# ... " i (4)

s = {s1, ..., sN/2} (5)

|�iLR =
X

E

e�
�
2HR |EiL|EiR =

X

s

e�
�
2HR |BsiL|BsiR (6)

1

Dec 2018 KITP Talk Equations

Ahmed Almheiri

December 10, 2018

1 Equations

|�iLR =
X

E

e�
�
2HR |EiL|EiR (1)

=
X

E

e�
�
2HR

 
X

s

|BsiLhBs|
!
|EiL|EiR (2)

=
X

s

e�
�
2HR |BsiL|BsiR (3)

|Bsi = | "# ... " i (4)

s = {s1, ..., sN/2} (5)

|�iLR =
X

E

e�
�
2HR |EiL|EiR =

X

s

e�
�
2HR |BsiL|BsiR (6)

|B�
s iR = LhBs|�iLR = e�

�
2HR |BsiR (7)

RhB�
s | i

R 
j
R|B�

s iR = LRh�|BsiL
�
 i
R 

j
R

�
LhBs|�iLR (8)

= LRh�|
h
|BsiLhBs|⌦  i

R 
j
R

i
|�iLR (9)

1

[Kourkoulou, Maldacena]



SYK BH Microstates
• Obtain from TFD: 

• Correlation Functions:

Dec 2018 KITP Talk Equations

Ahmed Almheiri

December 8, 2018

1 Equations

|�iLR =
X

E

e�
�
2HR |EiL|EiR (1)

=
X

E

e�
�
2HR

 
X

s

|BsiLhBs|
!
|EiL|EiR (2)

=
X

s

e�
�
2HR |BsiL|BsiR (3)

|Bsi = | "# ... " i (4)

s = {s1, ..., sN/2} (5)

|�iLR =
X

E

e�
�
2HR |EiL|EiR =

X

s

e�
�
2HR |BsiL|BsiR (6)

1

Dec 2018 KITP Talk Equations

Ahmed Almheiri

December 10, 2018

1 Equations

|�iLR =
X

E

e�
�
2HR |EiL|EiR (1)

=
X

E

e�
�
2HR

 
X

s

|BsiLhBs|
!
|EiL|EiR (2)

=
X

s

e�
�
2HR |BsiL|BsiR (3)

|Bsi = | "# ... " i (4)

s = {s1, ..., sN/2} (5)

|�iLR =
X

E

e�
�
2HR |EiL|EiR =

X

s

e�
�
2HR |BsiL|BsiR (6)

|B�
s iR = LhBs|�iLR = e�

�
2HR |BsiR (7)

RhB�
s | i

R 
j
R|B�

s iR = LRh�|BsiL
�
 i
R 

j
R

�
LhBs|�iLR (8)

= LRh�|
h
|BsiLhBs|⌦  i

R 
j
R

i
|�iLR (9)

1

Dec 2018 KITP Talk Equations

Ahmed Almheiri

December 8, 2018

1 Equations

|�iLR =
X

E

e�
�
2HR |EiL|EiR (1)

=
X

E

e�
�
2HR

 
X

s

|BsiLhBs|
!
|EiL|EiR (2)

=
X

s

e�
�
2HR |BsiL|BsiR (3)

|Bsi = | "# ... " i (4)

s = {s1, ..., sN/2} (5)

|�iLR =
X

E

e�
�
2HR |EiL|EiR =

X

s

e�
�
2HR |BsiL|BsiR (6)

|B�
s iR = LhBs|�iLR (7)

RhB�
s | i

R 
j
R|B�

s iR = LRh�|BsiL
�
 i
R 

j
R

�
LhBs|�iLR (8)

= LRh�|
h
|BsiLhBs|⌦  i

R 
j
R

i
|�iLR (9)

1

[Kourkoulou, Maldacena]



SYK BH Microstates
• Obtain from TFD: 

• Correlation Functions: 

•          Symmetry,                   . “Flip” subgroup: Flip sign of any 
even fermion. Relates any two states       and

Dec 2018 KITP Talk Equations

Ahmed Almheiri

December 8, 2018

1 Equations

|�iLR =
X

E

e�
�
2HR |EiL|EiR (1)

=
X

E

e�
�
2HR

 
X

s

|BsiLhBs|
!
|EiL|EiR (2)

=
X

s

e�
�
2HR |BsiL|BsiR (3)

|Bsi = | "# ... " i (4)

s = {s1, ..., sN/2} (5)

|�iLR =
X

E

e�
�
2HR |EiL|EiR =

X

s

e�
�
2HR |BsiL|BsiR (6)

1

Dec 2018 KITP Talk Equations

Ahmed Almheiri

December 10, 2018

1 Equations

|�iLR =
X

E

e�
�
2HR |EiL|EiR (1)

=
X

E

e�
�
2HR

 
X

s

|BsiLhBs|
!
|EiL|EiR (2)

=
X

s

e�
�
2HR |BsiL|BsiR (3)

|Bsi = | "# ... " i (4)

s = {s1, ..., sN/2} (5)

|�iLR =
X

E

e�
�
2HR |EiL|EiR =

X

s

e�
�
2HR |BsiL|BsiR (6)

|B�
s iR = LhBs|�iLR = e�

�
2HR |BsiR (7)

RhB�
s | i

R 
j
R|B�

s iR = LRh�|BsiL
�
 i
R 

j
R

�
LhBs|�iLR (8)

= LRh�|
h
|BsiLhBs|⌦  i

R 
j
R

i
|�iLR (9)

1

Dec 2018 KITP Talk Equations

Ahmed Almheiri

December 8, 2018

1 Equations

|�iLR =
X

E

e�
�
2HR |EiL|EiR (1)

=
X

E

e�
�
2HR

 
X

s

|BsiLhBs|
!
|EiL|EiR (2)

=
X

s

e�
�
2HR |BsiL|BsiR (3)

|Bsi = | "# ... " i (4)

s = {s1, ..., sN/2} (5)

|�iLR =
X

E

e�
�
2HR |EiL|EiR =

X

s

e�
�
2HR |BsiL|BsiR (6)

|B�
s iR = LhBs|�iLR (7)

RhB�
s | i

R 
j
R|B�

s iR = LRh�|BsiL
�
 i
R 

j
R

�
LhBs|�iLR (8)

= LRh�|
h
|BsiLhBs|⌦  i

R 
j
R

i
|�iLR (9)

1

up in the entanglement wedge of the other, and whose state can then be read o↵ using

entanglement wedge reconstruction. We will see that the protocol is very similar to the

situation of an evaporating black hole that has reached the Page time, where further in-

falling messages can be decoded from the Hawking radiation using the Hayden-Preskill

protocol upon allowing the black hole to release a few more Hawking quanta [37].

2 Pure SYK Black Hole Microstates

2.1 KM Construction of Atypical Microstates

We begin by reviewing the analysis of KM in constructing the states |Bsy dual to pure

black hole microstates of e↵ective inverse temperature � with an end-of-the-world brane

(EWB) capping o↵ the spacetime deep inside the interior [34]. This dual bulk descrip-

tion is deduced from the form of the fermion bilinear correlation functions studied in

the low energy limit 1 ! �J ! N and working to leading order in the 1{N expansion.

Consider the diagonal correlation functions xB�
s | i

pt1q i
pt2q|B�

s y which can be writ-

ten in terms of the TFD as

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.1)

where the fermions are operators belonging to the right SYK. Since the projections

|BsyLxBs| for di↵erent s form a complete basis, the sum over s just reproduces the

thermal expectation value

ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y “ Tr

“
e´�H i

pt1q 
i
pt2q

‰
(2.2)

At large N , the SYK model has an emergent OpNq flavor symmetry, of which a par-

ticularly interesting subgroup is the flip group

 k
Ñ p´1q

k´1 k (2.3)

In thinking about the doubled system, we denote the flip group as the one which acts

identically on both SYKs. This group implements spin flips and therefore relates the

di↵erent eigenstates |Bsy of the spin operator Sk “ 2i 2k´1 2k. The TFD state is

invariant under this subgroup. In particular, both the Hamiltonian and the maximally

entangled state in the energy basis are individually invariant, which becomes manifest

when written in the |Bsy basis:
ÿ

s

|BsyLxBs| ˆ

ÿ

E

|EyL|EyR “

ÿ

s

|BsyL|BsyR (2.4)
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Correlation Functions
• Diagonal Correlator: 

• Off-Diagonal Correlator:
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Correlation Functions
• Diagonal Correlator: 

• Off-Diagonal Correlator:
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Correlation Functions
• Diagonal Correlator: 

• Off-Diagonal Correlator:
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Is Invariant 

region composed of the union of all spacelike slices bounded by the Ryu-Takayanagi

(RT) or Hubeny-Rangamani-Takayanagi (HRT) surface and the boundary subregion

itself [21–23]. The proven statement is that any bulk operator with support within W sE
has a dual boundary operator supported purely on sE [24, 25]. Furthermore as shown

in [26], this framework reproduces the RT [27] (HRT [28]) formula for computing the

von Neumann entropy of the region sE, along with its associated quantum corrections

(bulk EFT entanglement entropy) [29],

Sp⇢ sEq “

A

4GN

` Sp⇢WĒ
q. (1.3)

Given the success of this framework it behooves us to apply it to the context of the

black hole interior.

The setting in which we will implement these ideas to the black hole interior will

be within the duality between AdS2 gravity and (a subsector of) the SYK model. The

SYK model is a system of N Majorana fermions randomly coupled via the q-local

Hamiltonian [30, 31],

H “ p´1q

q{2
Nÿ

i1...iq

Ji1...iq i1 ... iq (1.4)

for q ! N . This system has been found to reproduce many features of gravity in AdS2

including the pattern of conformal symmetry breaking at low energies [32], as well as

saturating the bound on chaos typical of commutators in black hole backgrounds [33].

A particularly interesting and controlled setting in which the reconstruction of the black

hole interior can be addressed is the Kourkoulo-Maldacena (KM) construction of pure

black hole microstates in the SYK model [34]1 (see also [36] for further constructions).

The KM construction is as follows. First one defines a set of states |Bsy which satisfy

`
 2k´1

´ isk 
2k

˘
|Bsy “ 0 ñ Sk|Bsy “ sk|Bsy (1.5)

where Sk “ 2i 2k´1 2k is a spin operator with eigenvalues sk “ ˘1. This set of states

spans the entire Hilbert space of SYK of dimension 2N{2. One can then obtain black

holes of e↵ective temperature � by evolving these states in Euclidean time

|B�
s y “ e´�

2H
|Bsy (1.6)

which produces an overcomplete basis of black hole microstates of temperature �.

Within the low energy analysis, the geometry of these black holes looks like that of an

1See also [35] for earlier consideration of microstates in an SYK-like model.
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region composed of the union of all spacelike slices bounded by the Ryu-Takayanagi

(RT) or Hubeny-Rangamani-Takayanagi (HRT) surface and the boundary subregion

itself [21–23]. The proven statement is that any bulk operator with support within W sE
has a dual boundary operator supported purely on sE [24, 25]. Furthermore as shown

in [26], this framework reproduces the RT [27] (HRT [28]) formula for computing the

von Neumann entropy of the region sE, along with its associated quantum corrections

(bulk EFT entanglement entropy) [29],

Sp⇢ sEq “

A

4GN

` Sp⇢WĒ
q. (1.3)

Given the success of this framework it behooves us to apply it to the context of the

black hole interior.

The setting in which we will implement these ideas to the black hole interior will

be within the duality between AdS2 gravity and (a subsector of) the SYK model. The

SYK model is a system of N Majorana fermions randomly coupled via the q-local

Hamiltonian [30, 31],

H “ p´1q

q{2
Nÿ

i1...iq

Ji1...iq i1 ... iq (1.4)

for q ! N . This system has been found to reproduce many features of gravity in AdS2

including the pattern of conformal symmetry breaking at low energies [32], as well as

saturating the bound on chaos typical of commutators in black hole backgrounds [33].

A particularly interesting and controlled setting in which the reconstruction of the black

hole interior can be addressed is the Kourkoulo-Maldacena (KM) construction of pure

black hole microstates in the SYK model [34]1 (see also [36] for further constructions).

The KM construction is as follows. First one defines a set of states |Bsy which satisfy

`
 2k´1

´ isk 
2k

˘
|Bsy “ 0 ñ Sk|Bsy “ sk|Bsy (1.5)

where Sk “ 2i 2k´1 2k is a spin operator with eigenvalues sk “ ˘1. This set of states

spans the entire Hilbert space of SYK of dimension 2N{2. One can then obtain black

holes of e↵ective temperature � by evolving these states in Euclidean time

|B�
s y “ e´�

2H
|Bsy (1.6)

which produces an overcomplete basis of black hole microstates of temperature �.

Within the low energy analysis, the geometry of these black holes looks like that of an

1See also [35] for earlier consideration of microstates in an SYK-like model.
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region composed of the union of all spacelike slices bounded by the Ryu-Takayanagi

(RT) or Hubeny-Rangamani-Takayanagi (HRT) surface and the boundary subregion

itself [21–23]. The proven statement is that any bulk operator with support within W sE
has a dual boundary operator supported purely on sE [24, 25]. Furthermore as shown

in [26], this framework reproduces the RT [27] (HRT [28]) formula for computing the

von Neumann entropy of the region sE, along with its associated quantum corrections

(bulk EFT entanglement entropy) [29],

Sp⇢ sEq “

A

4GN

` Sp⇢WĒ
q. (1.3)

Given the success of this framework it behooves us to apply it to the context of the

black hole interior.

The setting in which we will implement these ideas to the black hole interior will

be within the duality between AdS2 gravity and (a subsector of) the SYK model. The

SYK model is a system of N Majorana fermions randomly coupled via the q-local

Hamiltonian [30, 31],

H “ p´1q

q{2
Nÿ

i1...iq

Ji1...iq i1 ... iq (1.4)

for q ! N . This system has been found to reproduce many features of gravity in AdS2

including the pattern of conformal symmetry breaking at low energies [32], as well as

saturating the bound on chaos typical of commutators in black hole backgrounds [33].

A particularly interesting and controlled setting in which the reconstruction of the black

hole interior can be addressed is the Kourkoulo-Maldacena (KM) construction of pure

black hole microstates in the SYK model [34]1 (see also [36] for further constructions).

The KM construction is as follows. First one defines a set of states |Bsy which satisfy

`
 2k´1

´ isk 
2k

˘
|Bsy “ 0 ñ Sk|Bsy “ sk|Bsy (1.5)

where Sk “ 2i 2k´1 2k is a spin operator with eigenvalues sk “ ˘1. This set of states

spans the entire Hilbert space of SYK of dimension 2N{2. One can then obtain black

holes of e↵ective temperature � by evolving these states in Euclidean time

|B�
s y “ e´�

2H
|Bsy (1.6)

which produces an overcomplete basis of black hole microstates of temperature �.

Within the low energy analysis, the geometry of these black holes looks like that of an

1See also [35] for earlier consideration of microstates in an SYK-like model.
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Correlation Functions
• Diagonal Correlator: 
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Is Invariant 

region composed of the union of all spacelike slices bounded by the Ryu-Takayanagi

(RT) or Hubeny-Rangamani-Takayanagi (HRT) surface and the boundary subregion

itself [21–23]. The proven statement is that any bulk operator with support within W sE
has a dual boundary operator supported purely on sE [24, 25]. Furthermore as shown

in [26], this framework reproduces the RT [27] (HRT [28]) formula for computing the

von Neumann entropy of the region sE, along with its associated quantum corrections

(bulk EFT entanglement entropy) [29],

Sp⇢ sEq “

A

4GN

` Sp⇢WĒ
q. (1.3)

Given the success of this framework it behooves us to apply it to the context of the

black hole interior.

The setting in which we will implement these ideas to the black hole interior will

be within the duality between AdS2 gravity and (a subsector of) the SYK model. The

SYK model is a system of N Majorana fermions randomly coupled via the q-local

Hamiltonian [30, 31],

H “ p´1q

q{2
Nÿ

i1...iq

Ji1...iq i1 ... iq (1.4)

for q ! N . This system has been found to reproduce many features of gravity in AdS2

including the pattern of conformal symmetry breaking at low energies [32], as well as

saturating the bound on chaos typical of commutators in black hole backgrounds [33].

A particularly interesting and controlled setting in which the reconstruction of the black

hole interior can be addressed is the Kourkoulo-Maldacena (KM) construction of pure

black hole microstates in the SYK model [34]1 (see also [36] for further constructions).

The KM construction is as follows. First one defines a set of states |Bsy which satisfy

`
 2k´1

´ isk 
2k

˘
|Bsy “ 0 ñ Sk|Bsy “ sk|Bsy (1.5)

where Sk “ 2i 2k´1 2k is a spin operator with eigenvalues sk “ ˘1. This set of states

spans the entire Hilbert space of SYK of dimension 2N{2. One can then obtain black

holes of e↵ective temperature � by evolving these states in Euclidean time

|B�
s y “ e´�

2H
|Bsy (1.6)

which produces an overcomplete basis of black hole microstates of temperature �.

Within the low energy analysis, the geometry of these black holes looks like that of an

1See also [35] for earlier consideration of microstates in an SYK-like model.
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Bulk Picture

Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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up in the entanglement wedge of the other, and whose state can then be read o↵ using

entanglement wedge reconstruction. We will see that the protocol is very similar to the

situation of an evaporating black hole that has reached the Page time, where further in-

falling messages can be decoded from the Hawking radiation using the Hayden-Preskill

protocol upon allowing the black hole to release a few more Hawking quanta [37].

2 Pure SYK Black Hole Microstates

2.1 KM Construction of Atypical Microstates

We begin by reviewing the analysis of KM in constructing the states |Bsy dual to pure

black hole microstates of e↵ective inverse temperature � with an end-of-the-world brane

(EWB) capping o↵ the spacetime deep inside the interior [34]. This dual bulk descrip-

tion is deduced from the form of the fermion bilinear correlation functions studied in

the low energy limit 1 ! �J ! N and working to leading order in the 1{N expansion.

Consider the diagonal correlation functions xB�
s | i

pt1q i
pt2q|B�

s y which can be writ-

ten in terms of the TFD as

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.1)

where the fermions are operators belonging to the right SYK. Since the projections

|BsyLxBs| for di↵erent s form a complete basis, the sum over s just reproduces the

thermal expectation value

ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y “ Tr

“
e´�H i

pt1q 
i
pt2q

‰
(2.2)

At large N , the SYK model has an emergent OpNq flavor symmetry, of which a par-

ticularly interesting subgroup is the flip group

 k
Ñ p´1q

k´1 k (2.3)

In thinking about the doubled system, we denote the flip group as the one which acts

identically on both SYKs. This group implements spin flips and therefore relates the

di↵erent eigenstates |Bsy of the spin operator Sk “ 2i 2k´1 2k. The TFD state is

invariant under this subgroup. In particular, both the Hamiltonian and the maximally

entangled state in the energy basis are individually invariant, which becomes manifest

when written in the |Bsy basis:
ÿ

s

|BsyLxBs| ˆ

ÿ

E

|EyL|EyR “

ÿ

s

|BsyL|BsyR (2.4)
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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up in the entanglement wedge of the other, and whose state can then be read o↵ using

entanglement wedge reconstruction. We will see that the protocol is very similar to the

situation of an evaporating black hole that has reached the Page time, where further in-

falling messages can be decoded from the Hawking radiation using the Hayden-Preskill

protocol upon allowing the black hole to release a few more Hawking quanta [37].

2 Pure SYK Black Hole Microstates

2.1 KM Construction of Atypical Microstates

We begin by reviewing the analysis of KM in constructing the states |Bsy dual to pure

black hole microstates of e↵ective inverse temperature � with an end-of-the-world brane

(EWB) capping o↵ the spacetime deep inside the interior [34]. This dual bulk descrip-

tion is deduced from the form of the fermion bilinear correlation functions studied in

the low energy limit 1 ! �J ! N and working to leading order in the 1{N expansion.

Consider the diagonal correlation functions xB�
s | i

pt1q i
pt2q|B�

s y which can be writ-

ten in terms of the TFD as

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.1)

where the fermions are operators belonging to the right SYK. Since the projections

|BsyLxBs| for di↵erent s form a complete basis, the sum over s just reproduces the

thermal expectation value

ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y “ Tr

“
e´�H i

pt1q 
i
pt2q

‰
(2.2)

At large N , the SYK model has an emergent OpNq flavor symmetry, of which a par-

ticularly interesting subgroup is the flip group

 k
Ñ p´1q

k´1 k (2.3)

In thinking about the doubled system, we denote the flip group as the one which acts

identically on both SYKs. This group implements spin flips and therefore relates the

di↵erent eigenstates |Bsy of the spin operator Sk “ 2i 2k´1 2k. The TFD state is

invariant under this subgroup. In particular, both the Hamiltonian and the maximally

entangled state in the energy basis are individually invariant, which becomes manifest

when written in the |Bsy basis:
ÿ

s

|BsyLxBs| ˆ

ÿ

E

|EyL|EyR “

ÿ

s

|BsyL|BsyR (2.4)
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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• These are atypical BH microstates: Simple observables have not 
thermalized.
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up in the entanglement wedge of the other, and whose state can then be read o↵ using

entanglement wedge reconstruction. We will see that the protocol is very similar to the

situation of an evaporating black hole that has reached the Page time, where further in-

falling messages can be decoded from the Hawking radiation using the Hayden-Preskill

protocol upon allowing the black hole to release a few more Hawking quanta [37].

2 Pure SYK Black Hole Microstates

2.1 KM Construction of Atypical Microstates

We begin by reviewing the analysis of KM in constructing the states |Bsy dual to pure

black hole microstates of e↵ective inverse temperature � with an end-of-the-world brane

(EWB) capping o↵ the spacetime deep inside the interior [34]. This dual bulk descrip-

tion is deduced from the form of the fermion bilinear correlation functions studied in

the low energy limit 1 ! �J ! N and working to leading order in the 1{N expansion.

Consider the diagonal correlation functions xB�
s | i

pt1q i
pt2q|B�

s y which can be writ-

ten in terms of the TFD as

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.1)

where the fermions are operators belonging to the right SYK. Since the projections

|BsyLxBs| for di↵erent s form a complete basis, the sum over s just reproduces the

thermal expectation value

ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y “ Tr

“
e´�H i
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pt2q

‰
(2.2)

At large N , the SYK model has an emergent OpNq flavor symmetry, of which a par-

ticularly interesting subgroup is the flip group

 k
Ñ p´1q

k´1 k (2.3)

In thinking about the doubled system, we denote the flip group as the one which acts

identically on both SYKs. This group implements spin flips and therefore relates the

di↵erent eigenstates |Bsy of the spin operator Sk “ 2i 2k´1 2k. The TFD state is

invariant under this subgroup. In particular, both the Hamiltonian and the maximally

entangled state in the energy basis are individually invariant, which becomes manifest

when written in the |Bsy basis:
ÿ

s

|BsyLxBs| ˆ

ÿ

E

|EyL|EyR “

ÿ

s

|BsyL|BsyR (2.4)
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More Typical Microstates
• Begin with wormhole with OTO shockwaves: 

• Then project:

those that live in the same spin parity sector as |Bsy. As can be checked numerically

[34], we can assume these coe�cients to be random complex numbers which on average

satisfy

cs↵c
s˚
↵ “ 2´N{2`1�ss1 (2.17)

This is the expected behavior assuming the states |Bsy are random states in the energy

basis. We can compute the overlap of di↵erent black hole microstates by assuming the

coe�cients cs↵ to be random unitary matrices2. With this assumption, we confirm 2.17

and also find that on average

cˇ̌
ˇxB�

s |B�
s1y

ˇ̌
ˇ
2

“

a
2Zp2�q

Zp�q

d

1 ´

2´N{2Z2
p�q

Zp2�q

(2.18)

which is exponentially small in N . This vanishes as � Ñ 0 as required. This non-

vanishing overlap is a sign of the ‘over’ in overcompleteness. The ‘completeness’ is

shown in equation 2.2.

2.2 More Typical Microstates

The fact that the o↵-diagonal correlators are not down by powers of 1{N is indicative

of these microstates being special. We now describe how to prepare more typical

microstates where, at the level of two point functions, all but the diagonal correlators

are small. These will be black holes with long throats supported by a large number of

out-of-time-order (OTO) shockwaves in the interior.

Let WL represent a left sided unitary operator which creates a series of OTO

shockwaves when acting on |�y. In particular, the state

|W�yLR ” WL|�yLR (2.19)

is dual to the long wormhole supported by OTO shockwaves. Let’s assume that the

operators WL are invariant under the diagonal spin group, which implies that |W�yLR

is invariant as well. We want to check that the state

|BW
s yR ” LxBs|W�y (2.20)

is dual to a single sided black hole with a long throat by computing the diagonal and o↵-

diagonal correlation functions. Just as before, the diagonal correlators can be written

as

RxBW
s | i

pt1q 
i
pt2q|BW

s yR “ xW�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|W�y (2.21)

2We thank D. Stanford for discussions on this point.
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is invariant as well. We want to check that the state
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shockwaves when acting on |�y. In particular, the state
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is dual to the long wormhole supported by OTO shockwaves. Let’s assume that the

operators WL are invariant under the diagonal spin group, which implies that |W�yLR

is invariant as well. We want to check that the state

|BW
s yR ” LxBs|W�y (2.20)

is dual to a single sided black hole with a long throat by computing the diagonal and o↵-

diagonal correlation functions. Just as before, the diagonal correlators can be written

as

RxBW
s | i

pt1q 
i
pt2q|BW

s yR “ xW�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|W�y (2.21)

2We thank D. Stanford for discussions on this point.

– 8 –

RhB�
s | 1

R 
2
R|B�

s iR = LRh�|
h
|BsiLhBs|⌦  1

R 
2
R

i
|�iLR (22)

RhB�
s | 1

R 
2
Rs1|B�

s iR = LRh�|
h
|BsiLhBs|s1 ⌦  1

R 
2
R

i
|�iLR (23)

RhB�
s | 1

R 
2
Rs1|B�

s iR = 2i⇥ LRh�|
h
|BsiLhBs| 1

L(0) 
2
L(0)⌦  1

R 
2
R

i
|�iLR

(24)

RhB�
s | 1

R 
2
R|B�

s iR / 2is1 ⇥ LRh�|
h
 1
L(0) 

2
L(0)⌦  1

R 
2
R

i
|�iLR (25)

eSBH(�) = 2N/2e
�N

�
A
q2

�B
�

�
+...

(26)

hB�
s |B�

s0i ⇠ e�N (27)

X

s

hB�
s |O|B�

s i = Tr
⇥
e��HO⇤

(28)

| i =
X

s

cs|B�
s i (29)

|BW�
s iR ⌘ LhBs|W�iLR (30)

RhBW�
s | 1

R 
1
R|B�

s iR / LRh�| 1
R 

1
R|�iLR (31)

3

RhB�
s | 1

R 
2
R|B�

s iR = LRh�|
h
|BsiLhBs|⌦  1

R 
2
R

i
|�iLR (22)

RhB�
s | 1

R 
2
Rs1|B�

s iR = LRh�|
h
|BsiLhBs|s1 ⌦  1

R 
2
R

i
|�iLR (23)

RhB�
s | 1

R 
2
Rs1|B�

s iR = 2i⇥ LRh�|
h
|BsiLhBs| 1

L(0) 
2
L(0)⌦  1

R 
2
R

i
|�iLR

(24)

RhB�
s | 1

R 
2
R|B�

s iR / 2is1 ⇥ LRh�|
h
 1
L(0) 

2
L(0)⌦  1

R 
2
R

i
|�iLR (25)

eSBH(�) = 2N/2e
�N

�
A
q2

�B
�

�
+...

(26)

hB�
s |B�

s0i ⇠ e�N (27)

X

s

hB�
s |O|B�

s i = Tr
⇥
e��HO⇤

(28)

| i =
X

s

cs|B�
s i (29)

|BW�
s iR ⌘ LhBs|W�iLR (30)

RhBW�
s | 1

R 
1
R|BW�

s iR / LRhW�| 1
R 

1
R|W�iLR = LRh�| 1

R 
1
R|�iLR (31)

RhBW�
s | 1

R 
2
R|BW�

s iR / 2is1 ⇥ LRhW�|
h
 1
L(0) 

2
L(0)⌦  1

R 
2
R

i
|W�iLR (32)

RhBW�
s | 1

R 
2
R|BW�

s iR / 2is1 ⇥ LRh�|
h
W †

L 
1
L(0) 

2
L(0)WL ⌦  1

R 
2
R

i
|�iLR

(33)

3

RhB�
s | 1

R 
2
R|B�

s iR = LRh�|
h
|BsiLhBs|⌦  1

R 
2
R

i
|�iLR (22)

RhB�
s | 1

R 
2
Rs1|B�

s iR = LRh�|
h
|BsiLhBs|s1 ⌦  1

R 
2
R

i
|�iLR (23)

RhB�
s | 1

R 
2
Rs1|B�

s iR = 2i⇥ LRh�|
h
|BsiLhBs| 1

L(0) 
2
L(0)⌦  1

R 
2
R

i
|�iLR

(24)

RhB�
s | 1

R 
2
R|B�

s iR / 2is1 ⇥ LRh�|
h
 1
L(0) 

2
L(0)⌦  1

R 
2
R

i
|�iLR (25)

eSBH(�) = 2N/2e
�N

�
A
q2

�B
�

�
+...

(26)

hB�
s |B�

s0i ⇠ e�N (27)

X

s

hB�
s |O|B�

s i = Tr
⇥
e��HO⇤

(28)

| i =
X

s

cs|B�
s i (29)

|BW�
s iR ⌘ LhBs|W�iLR (30)

RhBW�
s | 1

R 
1
R|BW�

s iR / LRhW�| 1
R 

1
R|W�iLR = LRh�| 1

R 
1
R|�iLR (31)

RhBW�
s | 1

R 
2
R|BW�

s iR / 2is1 ⇥ LRhW�|
h
 1
L(0) 

2
L(0)⌦  1

R 
2
R

i
|W�iLR (32)

RhBW�
s | 1

R 
2
R|BW�

s iR / 2is1 ⇥ LRh�|
h
W †

L 
1
L(0) 

2
L(0)WL ⌦  1

R 
2
R

i
|�iLR

(33)

3

RhB�
s | 1

R 
2
R|B�

s iR = LRh�|
h
|BsiLhBs|⌦  1

R 
2
R

i
|�iLR (22)

RhB�
s | 1

R 
2
Rs1|B�

s iR = LRh�|
h
|BsiLhBs|s1 ⌦  1

R 
2
R

i
|�iLR (23)

RhB�
s | 1

R 
2
Rs1|B�

s iR = 2i⇥ LRh�|
h
|BsiLhBs| 1

L(0) 
2
L(0)⌦  1

R 
2
R

i
|�iLR

(24)

RhB�
s | 1

R 
2
R|B�

s iR / 2is1 ⇥ LRh�|
h
 1
L(0) 

2
L(0)⌦  1

R 
2
R

i
|�iLR (25)

eSBH(�) = 2N/2e
�N

�
A
q2

�B
�

�
+...

(26)

hB�
s |B�

s0i ⇠ e�N (27)

X

s

hB�
s |O|B�

s i = Tr
⇥
e��HO⇤

(28)

| i =
X

s

cs|B�
s i (29)

|BW�
s iR ⌘ LhBs|W�iLR (30)

RhBW�
s | 1

R 
1
R|BW�

s iR / LRhW�| 1
R 

1
R|W�iLR = LRh�| 1

R 
1
R|�iLR (31)

RhBW�
s | 1

R 
2
R|BW�

s iR / 2is1 ⇥ LRhW�|
h
 1
L(0) 

2
L(0)⌦  1

R 
2
R

i
|W�iLR (32)

RhBW�
s | 1

R 
2
R|BW�

s iR / 2is1 ⇥ LRh�|
h
W †

L 
1
L(0) 

2
L(0)WL ⌦  1

R 
2
R

i
|�iLR

(33)

3



More Typical Microstates
• Begin with wormhole with OTO shockwaves: 

• Then project: 

• Correlation Functions:

those that live in the same spin parity sector as |Bsy. As can be checked numerically

[34], we can assume these coe�cients to be random complex numbers which on average

satisfy

cs↵c
s˚
↵ “ 2´N{2`1�ss1 (2.17)

This is the expected behavior assuming the states |Bsy are random states in the energy

basis. We can compute the overlap of di↵erent black hole microstates by assuming the

coe�cients cs↵ to be random unitary matrices2. With this assumption, we confirm 2.17

and also find that on average

cˇ̌
ˇxB�

s |B�
s1y

ˇ̌
ˇ
2

“

a
2Zp2�q

Zp�q

d

1 ´

2´N{2Z2
p�q

Zp2�q

(2.18)

which is exponentially small in N . This vanishes as � Ñ 0 as required. This non-

vanishing overlap is a sign of the ‘over’ in overcompleteness. The ‘completeness’ is

shown in equation 2.2.

2.2 More Typical Microstates

The fact that the o↵-diagonal correlators are not down by powers of 1{N is indicative

of these microstates being special. We now describe how to prepare more typical

microstates where, at the level of two point functions, all but the diagonal correlators

are small. These will be black holes with long throats supported by a large number of

out-of-time-order (OTO) shockwaves in the interior.

Let WL represent a left sided unitary operator which creates a series of OTO

shockwaves when acting on |�y. In particular, the state

|W�yLR ” WL|�yLR (2.19)

is dual to the long wormhole supported by OTO shockwaves. Let’s assume that the

operators WL are invariant under the diagonal spin group, which implies that |W�yLR

is invariant as well. We want to check that the state

|BW
s yR ” LxBs|W�y (2.20)

is dual to a single sided black hole with a long throat by computing the diagonal and o↵-

diagonal correlation functions. Just as before, the diagonal correlators can be written

as

RxBW
s | i

pt1q 
i
pt2q|BW

s yR “ xW�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|W�y (2.21)

2We thank D. Stanford for discussions on this point.
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Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.

and which are invariant under s Ñ s1. Note, since WL is unitary, this invariance implies

that this expression is equal to

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.22)

which is given by the thermal expectation value as shown before, and so

RxBW
s | i

pt1q 
i
pt2q|BW

s yR 9 Tr
“
e�H i

pt1q i
pt2q

‰
(2.23)

The analysis of the o↵-diagonal correlator is the same, we have

s1xB
W
s | 1

pt1q 
2
pt2q|BW

s y “

xW�|

”
|BsyLxBs| b IR

ı”
S1 b  1

pt1q 
2
pt2q

ı”
|Bs̄yLxBs̄| b IR

ı
|W�y (2.24)

and which is also invariant under the Flip group. Therefore, by the same arguments

above is given by

“ xW�|

”
2i 1

p0q 2
p0q 1

pt1q 
2
pt2q

ı
|W�y (2.25)

“ 2ixW�| 1
p0q b  1

pt1q|W�yxW�| 2
p0q b  2

pt2q|W�y (2.26)

where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are

more reminiscent of typical states in that all simple observables have thermalized, all

the while having an understanding of the structure of the interior of the black hole.
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More Typical Microstates
• Begin with wormhole with OTO shockwaves: 

• Then project: 

• Correlation Functions:

those that live in the same spin parity sector as |Bsy. As can be checked numerically

[34], we can assume these coe�cients to be random complex numbers which on average

satisfy

cs↵c
s˚
↵ “ 2´N{2`1�ss1 (2.17)

This is the expected behavior assuming the states |Bsy are random states in the energy

basis. We can compute the overlap of di↵erent black hole microstates by assuming the

coe�cients cs↵ to be random unitary matrices2. With this assumption, we confirm 2.17

and also find that on average

cˇ̌
ˇxB�

s |B�
s1y

ˇ̌
ˇ
2

“

a
2Zp2�q

Zp�q

d

1 ´

2´N{2Z2
p�q

Zp2�q

(2.18)

which is exponentially small in N . This vanishes as � Ñ 0 as required. This non-

vanishing overlap is a sign of the ‘over’ in overcompleteness. The ‘completeness’ is

shown in equation 2.2.

2.2 More Typical Microstates

The fact that the o↵-diagonal correlators are not down by powers of 1{N is indicative

of these microstates being special. We now describe how to prepare more typical

microstates where, at the level of two point functions, all but the diagonal correlators

are small. These will be black holes with long throats supported by a large number of

out-of-time-order (OTO) shockwaves in the interior.

Let WL represent a left sided unitary operator which creates a series of OTO

shockwaves when acting on |�y. In particular, the state

|W�yLR ” WL|�yLR (2.19)

is dual to the long wormhole supported by OTO shockwaves. Let’s assume that the

operators WL are invariant under the diagonal spin group, which implies that |W�yLR

is invariant as well. We want to check that the state

|BW
s yR ” LxBs|W�y (2.20)

is dual to a single sided black hole with a long throat by computing the diagonal and o↵-

diagonal correlation functions. Just as before, the diagonal correlators can be written

as

RxBW
s | i

pt1q 
i
pt2q|BW

s yR “ xW�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|W�y (2.21)

2We thank D. Stanford for discussions on this point.
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Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.
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where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are
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Figure 2: GOO for N=28 we got the full graph by shift the location of second
operator

7 Add Mass Term

We add a mass term in our model as an analog of Maldacena-Qi with 2N
majarana fermions1:
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With distribution:
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i = J 2�a1,b1 ...�aq
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q

��1+�̃1 ...��q
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q

(116)

This up to shift of ground state energy is equivalent to adding interaction
im( 1 2 �  2 1). We have realtion:

��(t)���(t0) =  2(t) 2(t
0) +  1(t) 1(t

0) + i�( 1(t) 2(t
0)�  2(t) 1(t

0)) (117)

1
Notice the change of definiation of N from here against before. Previously we have N

majarana fermions
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|
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|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.

and which are invariant under s Ñ s1. Note, since WL is unitary, this invariance implies

that this expression is equal to

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.22)

which is given by the thermal expectation value as shown before, and so

RxBW
s | i

pt1q 
i
pt2q|BW

s yR 9 Tr
“
e�H i

pt1q i
pt2q

‰
(2.23)

The analysis of the o↵-diagonal correlator is the same, we have

s1xB
W
s | 1

pt1q 
2
pt2q|BW

s y “

xW�|

”
|BsyLxBs| b IR

ı”
S1 b  1

pt1q 
2
pt2q

ı”
|Bs̄yLxBs̄| b IR

ı
|W�y (2.24)

and which is also invariant under the Flip group. Therefore, by the same arguments

above is given by

“ xW�|

”
2i 1

p0q 2
p0q 1

pt1q 
2
pt2q

ı
|W�y (2.25)

“ 2ixW�| 1
p0q b  1

pt1q|W�yxW�| 2
p0q b  2

pt2q|W�y (2.26)

where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are

more reminiscent of typical states in that all simple observables have thermalized, all

the while having an understanding of the structure of the interior of the black hole.
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.

and which are invariant under s Ñ s1. Note, since WL is unitary, this invariance implies

that this expression is equal to

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.22)

which is given by the thermal expectation value as shown before, and so

RxBW
s | i

pt1q 
i
pt2q|BW

s yR 9 Tr
“
e�H i

pt1q i
pt2q

‰
(2.23)

The analysis of the o↵-diagonal correlator is the same, we have

s1xB
W
s | 1

pt1q 
2
pt2q|BW

s y “

xW�|

”
|BsyLxBs| b IR

ı”
S1 b  1

pt1q 
2
pt2q

ı”
|Bs̄yLxBs̄| b IR

ı
|W�y (2.24)

and which is also invariant under the Flip group. Therefore, by the same arguments

above is given by

“ xW�|

”
2i 1

p0q 2
p0q 1

pt1q 
2
pt2q

ı
|W�y (2.25)

“ 2ixW�| 1
p0q b  1

pt1q|W�yxW�| 2
p0q b  2

pt2q|W�y (2.26)

where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are

more reminiscent of typical states in that all simple observables have thermalized, all

the while having an understanding of the structure of the interior of the black hole.
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence
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|BsyLxBs| b  i
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i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.

and which are invariant under s Ñ s1. Note, since WL is unitary, this invariance implies

that this expression is equal to

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.22)

which is given by the thermal expectation value as shown before, and so

RxBW
s | i

pt1q 
i
pt2q|BW

s yR 9 Tr
“
e�H i

pt1q i
pt2q

‰
(2.23)

The analysis of the o↵-diagonal correlator is the same, we have

s1xB
W
s | 1
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2
pt2q|BW

s y “

xW�|

”
|BsyLxBs| b IR

ı”
S1 b  1

pt1q 
2
pt2q
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|Bs̄yLxBs̄| b IR

ı
|W�y (2.24)

and which is also invariant under the Flip group. Therefore, by the same arguments

above is given by

“ xW�|

”
2i 1

p0q 2
p0q 1

pt1q 
2
pt2q

ı
|W�y (2.25)

“ 2ixW�| 1
p0q b  1

pt1q|W�yxW�| 2
p0q b  2

pt2q|W�y (2.26)

where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are

more reminiscent of typical states in that all simple observables have thermalized, all

the while having an understanding of the structure of the interior of the black hole.
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Necessity of  
State-Dependence

• Suppose the existence of a linear operator       that measures 
whether there is a shockwave behind the horizon.
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.

and which are invariant under s Ñ s1. Note, since WL is unitary, this invariance implies

that this expression is equal to

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.22)

which is given by the thermal expectation value as shown before, and so

RxBW
s | i

pt1q 
i
pt2q|BW

s yR 9 Tr
“
e�H i

pt1q i
pt2q

‰
(2.23)

The analysis of the o↵-diagonal correlator is the same, we have

s1xB
W
s | 1
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2
pt2q|BW

s y “

xW�|

”
|BsyLxBs| b IR

ı”
S1 b  1

pt1q 
2
pt2q

ı”
|Bs̄yLxBs̄| b IR

ı
|W�y (2.24)

and which is also invariant under the Flip group. Therefore, by the same arguments

above is given by

“ xW�|

”
2i 1

p0q 2
p0q 1

pt1q 
2
pt2q

ı
|W�y (2.25)

“ 2ixW�| 1
p0q b  1

pt1q|W�yxW�| 2
p0q b  2

pt2q|W�y (2.26)

where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are

more reminiscent of typical states in that all simple observables have thermalized, all

the while having an understanding of the structure of the interior of the black hole.
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.

and which are invariant under s Ñ s1. Note, since WL is unitary, this invariance implies

that this expression is equal to

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.22)

which is given by the thermal expectation value as shown before, and so

RxBW
s | i

pt1q 
i
pt2q|BW

s yR 9 Tr
“
e�H i

pt1q i
pt2q

‰
(2.23)

The analysis of the o↵-diagonal correlator is the same, we have

s1xB
W
s | 1

pt1q 
2
pt2q|BW

s y “

xW�|

”
|BsyLxBs| b IR

ı”
S1 b  1

pt1q 
2
pt2q

ı”
|Bs̄yLxBs̄| b IR

ı
|W�y (2.24)

and which is also invariant under the Flip group. Therefore, by the same arguments

above is given by

“ xW�|

”
2i 1

p0q 2
p0q 1

pt1q 
2
pt2q

ı
|W�y (2.25)

“ 2ixW�| 1
p0q b  1

pt1q|W�yxW�| 2
p0q b  2

pt2q|W�y (2.26)

where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are

more reminiscent of typical states in that all simple observables have thermalized, all

the while having an understanding of the structure of the interior of the black hole.

– 9 –

RhBW�
s | 1

R 
2
R|BW�

s iR / 2is1 ⇥ LRhW�|
h
 1
L(0) 

2
L(0)⌦  1

R 
2
R

i
|W�iLR (32)

RhBW�
s | 1

R 
2
R|BW�

s iR / 2is1 ⇥ LRh�|
h
W †

L 
1
L(0) 

2
L(0)WL ⌦  1

R 
2
R

i
|�iLR

(33)

X

s

RhB�
s |NF

R |B�
s iR = LRh�|NF

R |�iLR (34)

X

s

RhBW�
s |NF

R |BW�
s iR = LRhW�|NF

R |W�iLR (35)

= LRh�|NF
R |�iLR (36)

4



Necessity of  
State-Dependence

• Suppose the existence of a linear operator       that measures 
whether there is a shockwave behind the horizon.

|BW�
s iR ⌘ LhBs|W�iLR (33)

RhBW�
s | 1

R 
1
R|B

W�
s iR / LRhW�| 1

R 
1
R|W�iLR = LRh�| 1

R 
1
R|�iLR (34)

RhBW�
s | 1

R 
2
R|B

W�
s iR / 2is1 ⇥ LRhW�|

h
 1
L(0) 

2
L(0)⌦  1

R 
2
R

i
|W�iLR (35)

RhBW�
s | 1

R 
2
R|B

W�
s iR / 2is1 ⇥ LRh�|

h
W †

L 
1
L(0) 

2
L(0)WL ⌦  1

R 
2
R

i
|�iLR

(36)

X

s

RhB�
s |NF

R |B�
s iR = LRh�|NF

R |�iLR (37)

⇠ O(1) (38)

⇠ O(1/N q�1) (39)

X

s

RhBW�
s |NF

R |B
W�
s iR = LRhW�|NF

R |W�iLR (40)

= LRh�|NF
R |�iLR (41)

| iab ! | e iLR (42)

2 Hcode ⇢ HL ⌦HR (43)

4

|BW�
s iR ⌘ LhBs|W�iLR (33)

RhBW�
s | 1

R 
1
R|B

W�
s iR / LRhW�| 1

R 
1
R|W�iLR = LRh�| 1

R 
1
R|�iLR (34)

RhBW�
s | 1

R 
2
R|B

W�
s iR / 2is1 ⇥ LRhW�|

h
 1
L(0) 

2
L(0)⌦  1

R 
2
R

i
|W�iLR (35)

RhBW�
s | 1

R 
2
R|B

W�
s iR / 2is1 ⇥ LRh�|

h
W †

L 
1
L(0) 

2
L(0)WL ⌦  1

R 
2
R

i
|�iLR

(36)

X

s

RhB�
s |NF

R |B�
s iR = LRh�|NF

R |�iLR (37)

⇠ O(1) (38)

⇠ O(1/N q�1) (39)

X

s

RhBW�
s |NF

R |B
W�
s iR = LRhW�|NF

R |W�iLR (40)

= LRh�|NF
R |�iLR (41)

| iab ! | e iLR (42)

2 Hcode ⇢ HL ⌦HR (43)

4

RhBW�
s | 1

R 
2
R|BW�

s iR / 2is1 ⇥ LRhW�|
h
 1
L(0) 

2
L(0)⌦  1

R 
2
R

i
|W�iLR (32)

RhBW�
s | 1

R 
2
R|BW�

s iR / 2is1 ⇥ LRh�|
h
W †

L 
1
L(0) 

2
L(0)WL ⌦  1

R 
2
R

i
|�iLR

(33)

X

s

RhB�
s |NF

R |B�
s iR = LRh�|NF

R |�iLR (34)

X

s

RhBW�
s |NF

R |BW�
s iR = LRhW�|NF

R |W�iLR (35)

= LRh�|NF
R |�iLR (36)

4

RhBW�
s | 1

R 
2
R|BW�

s iR / 2is1 ⇥ LRhW�|
h
 1
L(0) 

2
L(0)⌦  1

R 
2
R

i
|W�iLR (32)

RhBW�
s | 1

R 
2
R|BW�

s iR / 2is1 ⇥ LRh�|
h
W †

L 
1
L(0) 

2
L(0)WL ⌦  1

R 
2
R

i
|�iLR

(33)

X

s

RhB�
s |NF

R |B�
s iR = LRh�|NF

R |�iLR (34)

X

s

RhBW�
s |NF

R |BW�
s iR = LRhW�|NF

R |W�iLR (35)

= LRh�|NF
R |�iLR (36)

4

Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|
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|BsyLxBs| b  i
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i
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ı
|�y “ 2´N{2 ÿ

s
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”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.

and which are invariant under s Ñ s1. Note, since WL is unitary, this invariance implies

that this expression is equal to

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.22)

which is given by the thermal expectation value as shown before, and so

RxBW
s | i

pt1q 
i
pt2q|BW

s yR 9 Tr
“
e�H i

pt1q i
pt2q

‰
(2.23)

The analysis of the o↵-diagonal correlator is the same, we have

s1xB
W
s | 1
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2
pt2q|BW

s y “

xW�|

”
|BsyLxBs| b IR

ı”
S1 b  1

pt1q 
2
pt2q

ı”
|Bs̄yLxBs̄| b IR

ı
|W�y (2.24)

and which is also invariant under the Flip group. Therefore, by the same arguments

above is given by

“ xW�|

”
2i 1

p0q 2
p0q 1

pt1q 
2
pt2q

ı
|W�y (2.25)

“ 2ixW�| 1
p0q b  1

pt1q|W�yxW�| 2
p0q b  2

pt2q|W�y (2.26)

where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are

more reminiscent of typical states in that all simple observables have thermalized, all

the while having an understanding of the structure of the interior of the black hole.
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|
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ı
|�y “ 2´N{2 ÿ

s
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ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.

and which are invariant under s Ñ s1. Note, since WL is unitary, this invariance implies

that this expression is equal to

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.22)

which is given by the thermal expectation value as shown before, and so

RxBW
s | i

pt1q 
i
pt2q|BW

s yR 9 Tr
“
e�H i

pt1q i
pt2q

‰
(2.23)

The analysis of the o↵-diagonal correlator is the same, we have

s1xB
W
s | 1

pt1q 
2
pt2q|BW

s y “

xW�|

”
|BsyLxBs| b IR

ı”
S1 b  1

pt1q 
2
pt2q

ı”
|Bs̄yLxBs̄| b IR

ı
|W�y (2.24)

and which is also invariant under the Flip group. Therefore, by the same arguments

above is given by

“ xW�|

”
2i 1

p0q 2
p0q 1

pt1q 
2
pt2q

ı
|W�y (2.25)

“ 2ixW�| 1
p0q b  1

pt1q|W�yxW�| 2
p0q b  2

pt2q|W�y (2.26)

where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are

more reminiscent of typical states in that all simple observables have thermalized, all

the while having an understanding of the structure of the interior of the black hole.
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.

and which are invariant under s Ñ s1. Note, since WL is unitary, this invariance implies

that this expression is equal to

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.22)

which is given by the thermal expectation value as shown before, and so

RxBW
s | i

pt1q 
i
pt2q|BW

s yR 9 Tr
“
e�H i

pt1q i
pt2q

‰
(2.23)

The analysis of the o↵-diagonal correlator is the same, we have
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”
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S1 b  1
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and which is also invariant under the Flip group. Therefore, by the same arguments

above is given by

“ xW�|

”
2i 1

p0q 2
p0q 1

pt1q 
2
pt2q

ı
|W�y (2.25)

“ 2ixW�| 1
p0q b  1

pt1q|W�yxW�| 2
p0q b  2

pt2q|W�y (2.26)

where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are

more reminiscent of typical states in that all simple observables have thermalized, all

the while having an understanding of the structure of the interior of the black hole.
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.
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Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form
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”
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⇡
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One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
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2
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Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.

and which are invariant under s Ñ s1. Note, since WL is unitary, this invariance implies

that this expression is equal to

x�|
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ı
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where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are

more reminiscent of typical states in that all simple observables have thermalized, all

the while having an understanding of the structure of the interior of the black hole.
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.
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One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.

and which are invariant under s Ñ s1. Note, since WL is unitary, this invariance implies

that this expression is equal to
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i
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ı
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which is given by the thermal expectation value as shown before, and so
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The analysis of the o↵-diagonal correlator is the same, we have
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and which is also invariant under the Flip group. Therefore, by the same arguments

above is given by

“ xW�|

”
2i 1
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where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are

more reminiscent of typical states in that all simple observables have thermalized, all

the while having an understanding of the structure of the interior of the black hole.
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Take Away
• The dictionary for the interior must be state dependent. 

• Can we find such a dictionary? 

• Yes! By assuming the AdS/CFT dictionary to be a QEC code, 
one can generate such a dictionary for the interior! 

• Key: the dictionary is fluid, responding to the projection in a 
way that maps the interior operators to the remaining boundary 
in a state dependent way.

Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.
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Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form
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⇡
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One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)

– 6 –



AdS/CFT as QEC
• I will describe the duality using a circuit diagram. 

• Consider Isometry T from systems a & H into L. 

L

a

H L HaT

regioncomposedoftheunionofallspacelikeslicesboundedbytheRyu-Takayanagi

(RT)orHubeny-Rangamani-Takayanagi(HRT)surfaceandtheboundarysubregion

itself[21–23].TheprovenstatementisthatanybulkoperatorwithsupportwithinWsE
hasadualboundaryoperatorsupportedpurelyonsE[24,25].Furthermoreasshown

in[26],thisframeworkreproducestheRT[27](HRT[28])formulaforcomputingthe

vonNeumannentropyoftheregionsE,alongwithitsassociatedquantumcorrections

(bulkEFTentanglemententropy)[29],

Sp⇢sE
q“

A

4GN

`Sp⇢WĒ
q.(1.3)

Giventhesuccessofthisframeworkitbehoovesustoapplyittothecontextofthe

blackholeinterior.

Thesettinginwhichwewillimplementtheseideastotheblackholeinteriorwill

bewithinthedualitybetweenAdS2gravityand(asubsectorof)theSYKmodel.The

SYKmodelisasystemofNMajoranafermionsrandomlycoupledviatheq-local

Hamiltonian[30,31],

H“p´1q

q{2
Nÿ

i1...iq

Ji1...iq i1... iq(1.4)

forq!N.ThissystemhasbeenfoundtoreproducemanyfeaturesofgravityinAdS2

includingthepatternofconformalsymmetrybreakingatlowenergies[32],aswellas

saturatingtheboundonchaostypicalofcommutatorsinblackholebackgrounds[33].

Aparticularlyinterestingandcontrolledsettinginwhichthereconstructionoftheblack

holeinteriorcanbeaddressedistheKourkoulo-Maldacena(KM)constructionofpure

blackholemicrostatesintheSYKmodel[34]
1
(seealso[36]forfurtherconstructions).

TheKMconstructionisasfollows.Firstonedefinesasetofstates|Bs
ywhichsatisfy

`
 

2k´1
´isk 

2k˘
|Bs

y“0ñSk
|Bs

y“sk|Bs
y(1.5)

whereSk
“2i 

2k´1
 

2k
isaspinoperatorwitheigenvaluessk“˘1.Thissetofstates

spanstheentireHilbertspaceofSYKofdimension2
N{2.Onecanthenobtainblack

holesofe↵ectivetemperature�byevolvingthesestatesinEuclideantime

|B
�
s

y“e´
�
2H

|Bs
y(1.6)

whichproducesanovercompletebasisofblackholemicrostatesoftemperature�.

Withinthelowenergyanalysis,thegeometryoftheseblackholeslookslikethatofan

1Seealso[35]forearlierconsiderationofmicrostatesinanSYK-likemodel.
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Operator Mapping
• Operators can be pushed through the tensors:
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Eternal BH Code
• Eternal BH dictionary is given by: 

• a and b represent bulk quantum fields. 

• Reproduces quantum corrected RT 
formula. 
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Projected BH Code
• Projected BH has ‘same’ geometry. 

• Project on original tensor network. 

• We want to understand the conditions on         
P such that operators acting on a map to R
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Condition on the Projector
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i
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pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.
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Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
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One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
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pt1q 
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pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|
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ı
|�y “ 2´N{2 ÿ

s
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”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Figure 1. The diagram on the left is the standard eternal black hole spacetime dual to the

thermofield double state. The projected state on the right is dual to a black hole in a pure

state with an end-of-the-world (EWB) brane cutting o↵ the spacetime in the interior. The

EWB can be viewed as a UV insertion on the left boundary which then proceeds to fall into

the black hole.

Therefore, we find that the diagonal correlation functions

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y (2.5)

are invariant under |Bsy Ñ |Bs1
y, and hence

x�|

”
|BsyLxBs| b  i

pt1q 
i
pt2q

ı
|�y “ 2´N{2 ÿ

s

x�|

”
|BsyLxBs| b  i

pt1q i
pt2q

ı
|�y (2.6)

“ 2´N{2Tr
“
e´�H i

pt1q i
pt2q

‰
(2.7)

Therefore diagonal correlation functions are identical to thermal correlation functions

at large N . In the low energy limit this attains the conformal form

xB�
s | i

pt1q i
pt2q|B�

s y „

1
”
�J
⇡
sinh ⇡pt1´t2q

�

ı2� (2.8)

One deduces from this that the bulk geometry is just AdS2. We will see next that the

o↵-diagonal correlators reveal the presence of the EWB.

To compute the o↵-diagonal correlators, say  1
pt1q 2

pt2q, one first notes that while

this product is not invariant under the spin group, the following operator is invariant

S1 b  1
pt1q 

2
pt2q (2.9)
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Properties of the Dictionary

• Operators       are a dictionary for the interior. 

• These are state dependent!
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Relation to PR
• Problem with PR: Consider Typical Microstates 

• All simple operators have thermalized 

• Mirror construction would predict ‘nothing’                              
behind the horizon.

Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.

and which are invariant under s Ñ s1. Note, since WL is unitary, this invariance implies

that this expression is equal to
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which is given by the thermal expectation value as shown before, and so
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The analysis of the o↵-diagonal correlator is the same, we have
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and which is also invariant under the Flip group. Therefore, by the same arguments

above is given by
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where the second line is the large N result, and which can be made arbitrarily small

as the number of shockwaves is increased. This is the same as what happens in higher

dimensions where the left-right correlators die o↵ exponentially in the spatial distance

between the boundaries, which here grows arbitrarily with the number of shockwaves

[38]. See figure 2. Therefore, we have arrived at pure state black holes in SYK that are

more reminiscent of typical states in that all simple observables have thermalized, all

the while having an understanding of the structure of the interior of the black hole.
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Relation to PR
• Problem with PR: Consider Typical Microstates 

• All simple operators have thermalized 

• Mirror construction would predict ‘nothing’                              
behind the horizon. 

• The QEC construction is not a statement about typical states, but 
states constructed in a special way. 

• It IS sensitive to what happens behind the horizon.

Figure 2. Long wormholes supported by out-of-time-ordered (OTO) shockwaves also project

into pure states with long throats capped o↵ by an EWB.
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