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Quantum gravity experiments in laboratories
Gravitational theories in laboratories? 

T

P, H, . . .

QCP  CFT=
QCR

  Gravity=

AdS/CFT duality

Quantum gravity appears when a BH evaporates

BH

T
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AdS theory dual to a given material?

t

 dimd
x1

x3

x2

x4

t

 dimd + 1
x1

x3

x2

x4

=⟨O(x1)O(x2)O(x3)O(x4)⟩ ⟨O(x1)O(x2)O(x3)O(x4)⟩
GKPW

Find an AdS theory phenomenologically

for equilibrium states on fixed backgrounds

What is the metric corresponding to a given CFT state?

Boundary Bulk
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Boundary linear response → bulk metric

Linear response is equivalent to the retarded Green’s function

Interaction picture

ρI(t) = T exp [−i∫
t

0
ds ad[VI(s)]] ρ0

⟨OI(x)⟩J ≃ Tr[ρ0OI(x)]

+∫ ddy {−iΘ(x0 − y0)Tr (ρ0[OI(x), OI(y)])} J(y)

H(t) = H + V(t), V(t) := ∫ dd−1 ⃗x J(t, ⃗x)OS( ⃗x)

support: t > 0

=: GR(x, y)

Linear response

Gibbs state

0 (assumption)
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Boundary linear response → bulk metric

Prepare ring-shaped material 
 in Gibbs state

e−βH0 /Z

J

⟨O⟩J

Get linear response data

gμν

Find the bulk metric that reproduces the data

Machine-learning
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Machine-learning  from linear responsegμν

·ρ = − i[H(t), ρ]

J

⟨O⟩J

e−βH0 /Z

 with unknown ( □g − m2)Φ = 0 gμν

dual

ξ10

ξ
01

⋯
J

⟨O⟩J

Φ

Π

Π := ∂ξΦ

Φ

Π

dictionary

Physical 
B.C.

Φ

Π

gμν gμν
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1. The forward problem: 
Boundary linear response from bulk 

2. The inverse problem: 
Bulk metric from boundary linear response 

3. NN solves the inverse problem 

4. Demonstration: 
NN reproduces BTZ metric

8

Machine-learning emergent spacetime 
from linear response
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Machine-learning emergent spacetime 
from linear response
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AdS/CFT: Generating functionals are equal
AdS/CFT correspondence (large ) N

∫ 𝒟ϕ eiICFT[ϕ]+i ∫ ddx J(x)OΔ(x) = eiIAdS[Φcl]
Φ∼rΔ−dJ

CFT (  dim)d

Boundary
t

J

t
AdS gravity (  dim)d + 1

Bulk

J

Quantum theory Classical field theory
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The bulk configuration dual to Gibbs state

Tre−βH = ∫ 𝒟ϕ e−ICFT[ϕ] = e−IAdS[Φcl]
Φ∼rΔ−d×0

Apply the dictionary in Euclidean signature

T
Tc Hawking-Page transition

In general theories, we do not know if the bulk has a BH. 
But,  is static and spherically symmetric.gμν

If  is Einstein, we find two solutions:IAdS

BH

Sch-AdS pure AdS
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Linear response around Gibbs state
Apply the dictionary for Schwinger-Keldysh contour

−iβ

t

= LL

E

ESkenderis, van Rees (2008)

Boundary Bulk
(BH case)

For linear response, this reduces to …

( □g − m2)Φ = 0

Φ ∼
r→∞

rΔ−dJ

When interested in , 
we need free  on fixed 

𝒪(J1)
Φ gμν

The one dual to the Gibbs state
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Then, how to extract  ?⟨O⟩J

( □g − m2)Φ = 0

Φ ∼
r→∞

rΔ−dJ

Linear response around Gibbs state

One more B.C. is necessary
  for  … ＊Φ = 0 t ≤ 0

(retarded B.C.)

If BH exists, ＊= ingoing B.C.

ho
riz

on
 (

)

r =
r h

J

If not, ＊ = regular B.C.
+ retarded -presc.iϵ

|Φ |

r0

Φ ∼
r→∞

rΔ−dJ + r−Δ⟨O⟩J
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Forward problem: 
Boundary linear response from bulk

Tre−βH = ∫ 𝒟ϕ e−ICFT[ϕ] = e−IAdS[Φcl]
Φ∼rΔ−d×0

gμν

( □g − m2)Φ = 0

with  and retarded B.C.Φ ∼
r→∞

rΔ−dJ

Φ

Φ ∼
r→∞

rΔ−dJ + r−Δ⟨O⟩J
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1. The forward problem: 
Boundary linear response from bulk 

2. The inverse problem: 
Bulk metric from boundary linear response 

3. NN solves the inverse problem 

4. Demonstration: 
NN reproduces BTZ metric
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from linear response
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Boundary linear response → bulk metric
Prepare ring-shaped (1+1d) 

material in Gibbs state

e−βH0 /Z

gμν

Find the bulk metric that reproduces the data

J

⟨O⟩J

Get linear response data 
(by experiment or simulation)

 scalar primaryO :
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 has two componentsgμν

Static and spherically symmetric metric

ds2 = gtt(r)dt2 + grr(r)dr2 + gθθ(r)dθ2

Residual gauge: r = r(ξ)

Gauge fix: gξξ −g ∝ ξ−1 (ξ ∈ [0,1])

Two independent components

Ξ(ξ) := gξξgtt, Θ(ξ) := gξξgθθ

(Einstein is not assumed)
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Bulk theory: a probe free scalar field

We have the data of   under⟨O⟩J

H(t) = H + V(t), V(t) := ∫ dd−1 ⃗x J(t, ⃗x)OS( ⃗x)

: scalar primary with scale-dim O Δ
: small external sourceJ

( □g − m2)Φ = 0

Φ ∼
r→∞

rΔ−2J + r−Δ⟨O⟩J

: probe free scalarΦ
with mass

m2 = Δ(Δ − 2)

Now,  and  are givenJ ⟨O⟩J
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Klein-Gordon eq with (Ξ, Θ)

□g Φ = 0

Φ ∼
r→∞

J + r−2⟨O⟩J

Below,  for simplicityΔ = 2 (m2 = 0)

 must satisfy the retarded B.C.Z(ξ = 0)

In Fourier space 
 Φ = e−iωt+ikθΦ(ξ)

Z(ξ) = ( Φ(ξ)
Φ′￼(ξ))

Z′￼(ξ) = ( 0 1
ω2Ξ(ξ)+k2Θ(ξ) −1/ξ) Z(ξ)

 
Unknown functions

Ξ(ξ) := gξξgtt, Θ(ξ) := gξξgθθ
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Inverse problem: 
Bulk metric from boundary linear response

J

⟨O⟩J

e−βH0 /Z

 with unknown □g Φ = 0 Ξ(ξ), Θ(ξ)

dual

ξ10

ξ
01

⋯Jωk
⟨O⟩J

ω
k

Z

dictionary
Retarded 

B.C.
Ξ

Θ

ω
k

Z(ξ) = ( Φ(ξ)
Φ′￼(ξ))

Z

ω
k

Z

ω
kΞ

Θ
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1. The forward problem: 
Boundary linear response from bulk 

2. The inverse problem: 
Bulk metric from boundary linear response 

3. NN solves the inverse problem 

4. Demonstration: 
NN reproduces BTZ metric
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Solve with binary classification
Simple version

Bulk 
layer

Bulk 
layer

Bulk 
layer

Discretized EOM 
with weight (Ξ, Θ)

Ask if output 
matches B.C. 
with weight ρ

Data of the 
linear response 
(true and false)

ξ
ξi = 0.99 ξf = 0.1

0.01
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Bulk layer

Z(ξ) = ( Φ(ξ)
Φ′￼(ξ))

Z′￼(ξ) = ( 0 1
ω2Ξ(ξ)+k2Θ(ξ) −1/ξ) Z(ξ) =: F(ξ, Z(ξ))

f :(x1, ⋯, x6)
↦ (x3, x5x1 + x6x2 + x4, x5, x6)

ω2

k2
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Boundary condition layer

Typical behavior at ξ ∼ 0

If BH exists, ＊= ingoing B.C.

ho
riz

on
 (

)

r =
r h

Φ ∼ ξ−iaω

If not, ＊ = regular B.C.

|Φ |

r0

Φ ∼ ξb|k|

O =
ξf Z1(ξf ) + ρZ2(ξf )

ξf Z1(ξf ) + ρZ2(ξf ) + ϵ

ρ = iaω + b |k |

To be optimized

 is expected to be small for true dataO
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Loss function

Loss = − tdata ln t(O) − (1 − tdata)ln(1 − t(O))

t(O) :=
1
2 [tanh(100(O − 0.1)) − tanh(100(O + 0.1)) + 2]

O =
ξf Z1(ξf ) + ρZ2(ξf )

ξf Z1(ξf ) + ρZ2(ξf ) + ϵ

O

t

From Hashimoto, Sugishita, Tanaka, Tomiya (2018)

 takes 0 or 1 according to true or falsetdata
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Solve with binary classification
Simple version

Discretized EOM 
with weight (Ξ, Θ)

Ask if output 
matches B.C. 
with weight ρ

Data of the 
linear response 
(true and false)

ξ
ξi = 0.99 ξf = 0.1

0.01

Bulk 
layer

Bulk 
layer

Bulk 
layer

Refined version
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Runge-Kutta layer

 Z(ξ + Δξ) = Z(ξ) + ΔξF(ξ, Z(ξ))

Euler method

Z′￼(ξ) = ( 0 1
ω2Ξ(ξ)+k2Θ(ξ) −1/ξ) Z(ξ) =: F(ξ, Z(ξ))

EOM

Runge-Kutta method

 Z(ξ + Δξ) = Z(ξ) +
Δξ
6 [F1 + 2F2 + 2F3 + F4]

F1 = F(ξ, Z(ξ)), F2 = F(ξ + Δξ/2,Z(ξ) + F1Δξ/2)
F3 = F(ξ + Δξ/2,Z(ξ) + F2Δξ/2), F4 = F(ξ + Δξ, Z(ξ) + F3Δξ)
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Runge-Kutta method

 
Z(ξ+Δξ) = Z(ξ)

+
Δξ
6 [F1 + 2F2 + 2F3 + F4]

F1 = F(ξ, Z(ξ))
F2 = F(ξ + Δξ/2,Z(ξ) + F1Δξ/2)
F3 = F(ξ + Δξ/2,Z(ξ) + F2Δξ/2)
F4 = F(ξ + Δξ, Z(ξ) + F3Δξ)

Runge-Kutta layer
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Solve with binary classification
Simple version

Discretized EOM 
with weight (Ξ, Θ)

Ask if output 
matches B.C. 
with weight ρ

Data of the 
linear response 
(true and false)

ξ
ξi = 0.99 ξf = 0.1

0.01

Refined version
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The forward problem on BTZ spacetime

BTZ: 3D AdS black hole spacetime (vacuum Einstein solution)

Boundary linear response data computed from the bulk

⟨O(ω, k)⟩J ∝
Γ(1 − iL2

2rh
(ω − k))Γ(1 − iL2

2rh
(ω + k))

Γ(− iL2

2rh
(ω − k))Γ(− iL2

2rh
(ω − k))

J(ω, k)

Generate true data from this, and also prepare fake data

(with )L = rh = 1
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Solving inverse problem by ML

Ξ Θ

ξ ξboundary horizon boundary horizon

Before learning

ρ = 0.50iω − 0.50 |k |

B.C. layer

Ξ Θ

After learning

ρ = 0.50iω + 0.01 |k |

Horizon emerges!
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Machine-learning  from linear responsegμν

·ρ = − i[H(t), ρ]

J

⟨O⟩J

e−βH0 /Z

 with unknown ( □g − m2)Φ = 0 gμν

dual

ξ
10

ξ
01

⋯
J

⟨O⟩J

Φ

Π

Π := ∂ξΦ

Φ

Π

dictionary

Physical 
B.C.

Φ

Π

gμν gμν



/3435

Other graphs
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Other graphs


