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Fig. 1 Gravity interpretations for the entangled state |ψ(β)⟩ in a quantum system defined by a pair of
noninteracting CFTs on Sd times time. The diagram on the right is the Penrose diagram for the maximally
extended AdS-Schwarzschild black hole

AdS black hole spacetime, which is understood [7] to correspond to the thermal state
of a conformal field theory. On the other hand, starting from the state (1), and tracing
over the degrees of freedom of one of the CFTs, we find that the density matrix for
the remaining CFT is exactly the thermal density matrix:

Tr2(|ψ⟩⟨ψ |) =
∑

i

e− βEi |Ei ⟩⟨Ei | = ρT .

Furthermore, the presence of horizons in the black hole spacetime which forbid com-
munication between the two asymptotic regions may be naturally associated with the
absence of interactions between the two CFTs. Thus, the state |ψ(β)⟩ has properties
which are completely consistent with its interpretation as the eternal AdS black hole.

If this identification is correct, we have a remarkable conclusion: the state |ψ(β)⟩
which clearly represents a quantum superposition of disconnected spacetimes may
also be identified with a classically connected spacetime. In this example, classical
connectivity arises by entangling the degrees of freedom in the two components. In
the next section, we will try to test the idea that emergent spacetimes in gauge-the-
ory/gravity duality are built up by entangling degrees of freedom in the non-perturba-
tive description.

3 A disentangling experiment

Let us return to the simpler case of a single CFT on Sd . We would like to do a thought
experiment in which we start with the vacuum state of the field theory, dual to grav-
ity on pure global AdS spacetime, and see what happens to the dual geometry when
we gradually change the state to disentangle some of the degrees of freedom. To be
specific, we divide the sphere into two parts (e.g. hemispheres) which we label A
and B.

Since the CFT is a local quantum field theory, there are specific degrees of free-
dom associated with specific spatial regions, so we can decompose the Hilbert space
H = HA ⊗ HB . A simple quantitative measure of the entanglement between A and
B is the entanglement entropy (see, for example: [8]), defined to be the von Neumann
entropy

S(A) = − Tr(ρA log ρA)

123

Tr2(| (�)ih (�)|) = ⇢T (�)
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AdS black hole spacetime, which is understood [7] to correspond to the thermal state
of a conformal field theory. On the other hand, starting from the state (1), and tracing
over the degrees of freedom of one of the CFTs, we find that the density matrix for
the remaining CFT is exactly the thermal density matrix:

Tr2(|ψ⟩⟨ψ |) =
∑

i

e− βEi |Ei ⟩⟨Ei | = ρT .

Furthermore, the presence of horizons in the black hole spacetime which forbid com-
munication between the two asymptotic regions may be naturally associated with the
absence of interactions between the two CFTs. Thus, the state |ψ(β)⟩ has properties
which are completely consistent with its interpretation as the eternal AdS black hole.

If this identification is correct, we have a remarkable conclusion: the state |ψ(β)⟩
which clearly represents a quantum superposition of disconnected spacetimes may
also be identified with a classically connected spacetime. In this example, classical
connectivity arises by entangling the degrees of freedom in the two components. In
the next section, we will try to test the idea that emergent spacetimes in gauge-the-
ory/gravity duality are built up by entangling degrees of freedom in the non-perturba-
tive description.

3 A disentangling experiment

Let us return to the simpler case of a single CFT on Sd . We would like to do a thought
experiment in which we start with the vacuum state of the field theory, dual to grav-
ity on pure global AdS spacetime, and see what happens to the dual geometry when
we gradually change the state to disentangle some of the degrees of freedom. To be
specific, we divide the sphere into two parts (e.g. hemispheres) which we label A
and B.

Since the CFT is a local quantum field theory, there are specific degrees of free-
dom associated with specific spatial regions, so we can decompose the Hilbert space
H = HA ⊗ HB . A simple quantitative measure of the entanglement between A and
B is the entanglement entropy (see, for example: [8]), defined to be the von Neumann
entropy

S(A) = − Tr(ρA log ρA)
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Fig. 1 Gravity interpretations for the entangled state |ψ(β)⟩ in a quantum system defined by a pair of
noninteracting CFTs on Sd times time. The diagram on the right is the Penrose diagram for the maximally
extended AdS-Schwarzschild black hole
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Let us return to the simpler case of a single CFT on Sd . We would like to do a thought
experiment in which we start with the vacuum state of the field theory, dual to grav-
ity on pure global AdS spacetime, and see what happens to the dual geometry when
we gradually change the state to disentangle some of the degrees of freedom. To be
specific, we divide the sphere into two parts (e.g. hemispheres) which we label A
and B.

Since the CFT is a local quantum field theory, there are specific degrees of free-
dom associated with specific spatial regions, so we can decompose the Hilbert space
H = HA ⊗ HB . A simple quantitative measure of the entanglement between A and
B is the entanglement entropy (see, for example: [8]), defined to be the von Neumann
entropy

S(A) = − Tr(ρA log ρA)
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1- Starting point and sketch of derivation
Known from CFT: Z(β) = e

π2c
3β + O(c0) = ∑
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e− Ea + Eb
2 −it12Eab eS(Ea)eS(Eb)ℱ(Ea, Eb, Δ)

= 1
Z(β) ∑
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e−β Ea + Eb
2 −iEabt12 ∑

a |E(a) = Ea
b |E(b) = Eb
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3- Derivation: inversion
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(3.1) Inversion of Fourier Transform

(3.2) Inversion of Laplace Transform: Mellin inversion formula
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Drop the sum over images, n=0 
Set bn(ϕ) ≡ cosh(2πTϕ12) = 1
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ρ(E, Δ) = πc
6

L
E

I1 (2 πc
6 LE)

ρ (E + χ
2 ) ρ (E − χ

2 ) ℱ(E, χ, Δ) = 1
2π ∫

E

0
ρ(E′�) ̂F0(E′�− E, χ, Δ)dE′ �

b1, …, b2Δ−1

a1, …, a2Δ − ei2π E
χ +cc}̂F0(E, χ, Δ) ∝ χ2Δ−2{e−i2πΔ E

χ 2ΔF2Δ−1[ ]
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Some analytical results:

Saddle point approx.
ℱ(E, χ, Δ) = C#

2π
1

ρ (E + χ
2 ) ρ (E − χ

2 )
1

2πi ∮ dβ eβEZ(β)( 2π
β )

2Δ
F0(β, χ, Δ)

ELc ≫ 1

peaked around β0 = πcL
6E

ℱ(E, χ, Δ) ≃ 23Δ−2

πΓ(2Δ)
ρ(E)

ρ(E + χ/2)ρ(E − χ/2) ( 6Eπ
cL )

Δ−1/2
Γ (Δ − iχ

2π
πcL
6E ) Γ (Δ + iχ

2π
πcL
6E )

c.f.  Brehm, Das, Datta, ’18 
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Expand F0 in small
ℱ(E, χ, Δ) ≃ C$(2π)2Δ−2

ρ (E + χ
2 ) ρ (E − χ

2 )
2ΔΓ (Δ)2

Γ(2Δ) ( 6E
πcL )

Δ−1
I2Δ−2 (2 ELπc

6 )
−χ2( 6E

πcL )
−1 ψ (1)(Δ)

4π2 I2Δ−4 (2 ELπc
6 ) + O(χ4L2/E2)

𝝌: 

Saddle point approx. ELc ≫ 1
Some analytical results:
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On the Line: a view to the spectrum c=20E = Ea + Eb

2 , χ = Ea − Eb

E = Ea + Eb

2 , χ = Ea − Eb



On the Line: a view to the spectrum
⨯10-9

Δ=4

0 5 10 15 20 25 30 35
0.0
0.5
1.0
1.5
2.0
2.5
3.0

EL

ℱ
(E

,χ
=

0,
Δ
)

EL

c=20E = Ea + Eb

2 , χ = Ea − Eb

E = Ea + Eb

2 , χ = Ea − Eb



On the Line: a view to the spectrum
⨯10-9

Δ=4

0 5 10 15 20 25 30 35
0.0
0.5
1.0
1.5
2.0
2.5
3.0

EL

ℱ
(E

,χ
=

0,
Δ
)

EL

c=20E = Ea + Eb

2 , χ = Ea − Eb

E = Ea + Eb

2 , χ = Ea − Eb

EL

⨯10-12

Δ=6

0 5 10 15 20 25 30 35
0

2

4

6

8

EL
ℱ
(E

,χ
=

0,
Δ
)



On the Line: a view to the spectrum
⨯10-9

Δ=4

0 5 10 15 20 25 30 35
0.0
0.5
1.0
1.5
2.0
2.5
3.0

EL

ℱ
(E

,χ
=

0,
Δ
)

EL

c=20E = Ea + Eb

2 , χ = Ea − Eb

E = Ea + Eb

2 , χ = Ea − Eb

EL

⨯10-12

Δ=6

0 5 10 15 20 25 30 35
0

2

4

6

8

EL
ℱ
(E

,χ
=

0,
Δ
)

EL

⨯10-15

Δ=10

0 5 10 15 20 25 30 35
0.0

0.5

1.0

1.5

2.0

EL

ℱ
(E

,χ
=

0,
Δ
)



On the Line: a view to the spectrum
⨯10-9

Δ=4

0 5 10 15 20 25 30 35
0.0
0.5
1.0
1.5
2.0
2.5
3.0

EL

ℱ
(E

,χ
=

0,
Δ
)

EL

c=20E = Ea + Eb

2 , χ = Ea − Eb

E = Ea + Eb

2 , χ = Ea − Eb

EL

⨯10-12

Δ=6

0 5 10 15 20 25 30 35
0

2

4

6

8

EL
ℱ
(E

,χ
=

0,
Δ
)

EL

⨯10-15

Δ=10

0 5 10 15 20 25 30 35
0.0

0.5

1.0

1.5

2.0

EL

ℱ
(E

,χ
=

0,
Δ
)

EL

⨯10-16

Δ=12

0 5 10 15 20 25 30 35
0.0
0.2
0.4
0.6
0.8
1.0
1.2

EL

ℱ
(E

,χ
=

0,
Δ
)



On the Line: a view to the spectrum c=20E = Ea + Eb

2 , χ = Ea − Eb

E = Ea + Eb

2 , χ = Ea − Eb

⨯10-6

EL = 20π
Δ=4
Δ=6
Δ=10
Δ=12

0.0 0.5 1.0 1.5
0

2

4

6

8

10

12

χ/E

ℱ
(E

,χ
,Δ
)

EL = 20π
Δ=4
Δ=6
Δ=10
Δ=12

0.0 0.5 1.0 1.5
0.000000
2.×10-6

4.×10-6

6.×10-6

8.×10-6

0.000010
0.000012

χ/E

ℱ
(E

,χ
,Δ
)

⨯10-6

EL = 20π
Δ=4
Δ=6
Δ=10
Δ=12

0.0 0.5 1.0 1.5
0

2

4

6

8

10

12

χ/E

ℱ
(E

,χ
,Δ
)

EL = 20π
Δ=4
Δ=6
Δ=10
Δ=12

0.0 0.5 1.0 1.5
0.000000
2.×10-6

4.×10-6

6.×10-6

8.×10-6

0.000010
0.000012

χ/E

ℱ
(E

,χ
,Δ
)

𝛘/E 𝛘/E

⨯10-18

EL = 20π
Δ=10
Δ=12

1.70 1.75 1.80 1.85 1.90 1.95

0.001

0.010

0.100

1

10

χ/E
ℱ
(E

,χ
,Δ
)

ETH?



4- Disentangling experiment

|Λ⟩ ≡ 1
ZΛ
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Hard cutoff in the spectrum:
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t≠0, β fixed, cutoff dependence
4- Disentangling experiment

tL = 14 π , c=10
Δ=4
Δ=6
Δ=8

0 20 40 60 80 100 120
0.0

0.5

1.0

1.5

2.0

ΛL

GΛ (ϕ=0
,t

=
0)

G(ϕ=0,t
=

0)

tL = 14 π , c=10
Δ=4
Δ=6
Δ=8

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

ΛL

ℒ
Λ
-
ℒ

BT
Z



tL = 14 π , c=10
Δ=4
Δ=6
Δ=8

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

ΛL

ℒ
Λ
-
ℒ

BT
Z

tL = 12 π , c=10
Δ=4
Δ=6
Δ=8

0 20 40 60 80 100 120

0

10

20

30

40

ΛL

GΛ (ϕ=0
,t

=
0)

G(ϕ=0,t
=

0)

tL = 14 π , c=10
Δ=4
Δ=6
Δ=8

0 20 40 60 80 100 120
0.0

0.5

1.0

1.5

2.0

ΛL

GΛ (ϕ=0
,t

=
0)

G(ϕ=0,t
=

0)

t≠0, β fixed, cutoff dependence
4- Disentangling experiment



tL = 14 π , c=10
Δ=4
Δ=6
Δ=8

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

ΛL

ℒ
Λ
-
ℒ

BT
Z

tL = 12 π , c=10
Δ=4
Δ=6
Δ=8

0 20 40 60 80 100 120

0

10

20

30

40

ΛL

GΛ (ϕ=0
,t

=
0)

G(ϕ=0,t
=

0)

tL = 14 π , c=10
Δ=4
Δ=6
Δ=8

0 20 40 60 80 100 120
0.0

0.5

1.0

1.5

2.0

ΛL

GΛ (ϕ=0
,t

=
0)

G(ϕ=0,t
=

0)

30 32 34 36 38 40
-1

0

1

2

3

GΛ(t12) < 0!!

t≠0, β fixed, cutoff dependence
4- Disentangling experiment



tL = 14 π , c=10
Δ=4
Δ=6
Δ=8

0 20 40 60 80 100 120
0.0

0.5

1.0

1.5

2.0

ΛL

GΛ (ϕ=0
,t

=
0)

G(ϕ=0,t
=

0)

tL = 14 π , c=10
Δ=4
Δ=6
Δ=8

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

ΛL

ℒ
Λ
-
ℒ

BT
Z

tL = 12 π , c=10
Δ=4
Δ=6
Δ=8

0 20 40 60 80 100 120

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

ΛL

ℒ
Λ
-
ℒ

BT
Z

tL = 12 π , c=10
Δ=4
Δ=6
Δ=8

0 20 40 60 80 100 120

0

10

20

30

40

ΛL

GΛ (ϕ=0
,t

=
0)

G(ϕ=0,t
=

0)

30 32 34 36 38 40
-1

0

1

2

3

GΛ(t12) < 0!!

t≠0, β fixed, cutoff dependence
4- Disentangling experiment



βΛ fixed, time dependence
4- Disentangling experiment
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Wightman with arbitrary entanglement

|Ψ⟩ ≡ 1
ZΨ

∑
a

Ψ(Ea) |a⟩ |a⟩|Λ⟩ ≡ 1
ZΛ

∑
a|Ea≤ Λ

e− βEa/2 |a⟩ |a⟩ →

ZΨ = ∑
a

|Ψ(Ea) |2 < ∞
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CONCLUSIONS

Ea, Eb < Λ
Dramatic behaviour of the geometry as measured using the geodesic 
approximation with

GΛ(t12, ϕ12) = 1
ZΛ(β) ∑

ab
e−β Ea + Eb

2 e−it12Eab |⟨a |O |b⟩ |2

If ETH is at work 

Building up spacetime with quantum entanglement 2325

iE iE

iE =Σe−β

Fig. 1 Gravity interpretations for the entangled state |ψ(β)⟩ in a quantum system defined by a pair of
noninteracting CFTs on Sd times time. The diagram on the right is the Penrose diagram for the maximally
extended AdS-Schwarzschild black hole

AdS black hole spacetime, which is understood [7] to correspond to the thermal state
of a conformal field theory. On the other hand, starting from the state (1), and tracing
over the degrees of freedom of one of the CFTs, we find that the density matrix for
the remaining CFT is exactly the thermal density matrix:

Tr2(|ψ⟩⟨ψ |) =
∑

i

e− βEi |Ei ⟩⟨Ei | = ρT .

Furthermore, the presence of horizons in the black hole spacetime which forbid com-
munication between the two asymptotic regions may be naturally associated with the
absence of interactions between the two CFTs. Thus, the state |ψ(β)⟩ has properties
which are completely consistent with its interpretation as the eternal AdS black hole.

If this identification is correct, we have a remarkable conclusion: the state |ψ(β)⟩
which clearly represents a quantum superposition of disconnected spacetimes may
also be identified with a classically connected spacetime. In this example, classical
connectivity arises by entangling the degrees of freedom in the two components. In
the next section, we will try to test the idea that emergent spacetimes in gauge-the-
ory/gravity duality are built up by entangling degrees of freedom in the non-perturba-
tive description.

3 A disentangling experiment

Let us return to the simpler case of a single CFT on Sd . We would like to do a thought
experiment in which we start with the vacuum state of the field theory, dual to grav-
ity on pure global AdS spacetime, and see what happens to the dual geometry when
we gradually change the state to disentangle some of the degrees of freedom. To be
specific, we divide the sphere into two parts (e.g. hemispheres) which we label A
and B.

Since the CFT is a local quantum field theory, there are specific degrees of free-
dom associated with specific spatial regions, so we can decompose the Hilbert space
H = HA ⊗ HB . A simple quantitative measure of the entanglement between A and
B is the entanglement entropy (see, for example: [8]), defined to be the von Neumann
entropy

S(A) = − Tr(ρA log ρA)

123

⟨a |O |b⟩2 ≡ ℱ(E, χ, Δ)Obtained

Disentangling the TFD:

GΛ(t12, ϕ12)

Change in the geometry must be 
nonlocal due to Killing symmetry

ρ(E)ℱ(E, χ, Δ) = O(E)2δ ̂δ(χ) + f(E, χ)2Rab



CONCLUSIONS

Repeat on the circle?

What else?

for some time evolution/quench?⟨a |O |b⟩2 ≡ ℱ(E, χ, Δ)

Perhaps recasting this with conformal blocks and use interpretation 
in terms of geodesic Witten diagrams

Use

Interpretation of ‘disentangling experiment’ in terms of 
geometric objects?


