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Holographic renormalization

No use of
Einstein eq

Lattice
input

Entanglement, Complexity

Correlators

Reconstruction method

AdS/DL

Wilson loop [KH 20]

[KH Tanaka Tomiya Sugishita 18]

[deHaro Solodukhin Skenderis 00]

[Hammersley 07] [Bilson 08]… [KH Watanabe 21]

[Hammersley 06] [Hubeny Liu Rangamani 06]
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Comparison of solvers
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Similarity!?

Wormholes in Penrose diagram
of maximally extended eternal 
AdS Schwarzschild  black hole

[Iizuka, Sugishita, KH `17]

Deep Autoencoder



Quantum
gravity

in (d+1)-dim.

Quantum
mechanics
in d-dim.

Anti de Sitter
spacetime

Tensor network

Swingle `10
‘tHooft `93
Susskind `94
Maldacena `97

General
spacetime

Neural network

Carleo,
Troyer `17

?

Emergent spacetime as a neural network



2) Train the network (adjust       ) by lowering

Neural network
“Unit” (circle) : Vector component

“Weight” (line) : Linear transformation

to be optimized

“Activation function” (hidden line-end) : 

Nonlinear component-wise transf.

φ(x) ≡ 1
1 + e−x

f = W (2)
i φ (W (1)

ij xj)

Training protocol : 

1) Prepare many sets                     : (input, output){(xj, f )}
W

E ≡ ∑
data

f − W (2)
i φ (W (1)

ij xj)

Basics of machine learning

“Loss function”
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Simplest holographic model
2.   Space emergent from data

Classical scalar field theory in unknown 5-dim. spacetime

ds2 = �f(�)dt2 + d�2 + g(�)(dx2
1 + · · · + dx2

d�1)

1802.08313
1809.10536S =

Z
d⌘d4x

p
det g

⇥
(@⌘�)

2 � V (�)
⇤

<latexit sha1_base64="TFyvaO4nUBjzbL0k2HMZOKHqRSU="></latexit>

⌘

<latexit sha1_base64="9Qt1pDKVz0VcF0prQrV+RnsohYs="></latexit>

Data: 

(�|⌘=1, @⌘�|⌘=1, @⌘�|⌘=0)

<latexit sha1_base64="54acatdfjcSgeCZe62tbZwPzLRA="></latexit>

0

<latexit sha1_base64="407r4x8F+fA5+VCOecUL8+Iiz2s="></latexit>

1

<latexit sha1_base64="McuMdolnSkDRgqavq8TbUMWAx9E="></latexit>

�(⌘)

<latexit sha1_base64="5fLa22wRlhYtVVJarGAGl50caNk="></latexit>

Black
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(mq, hq̄qi) AdS
boundary



Relation to QCD data
Boundary condition for the metric components

f � �2, g � const.
f � g � exp[2�/L]AdS boundary (              ) :� � �

Black hole horizon (            ) :� � 0

ds2 = �f(�)dt2 + d�2 + g(�)(dx2
1 + · · · + dx2

d�1)

Solve eq. of motion to get response            .  

���
��
�=0

= 0

AdS boundary (              ) :� � �

Black hole horizon (            ) :� � 0

[Klebanov, Witten `98]⟨ψ̄ ψ⟩mq

ϕ = mq e−η + ⟨ψ̄ ψ⟩ e−3η
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�2
�� + h(�)���� �V [�]

��
= 0

Equation of motion as a feedforward NN

Discretization
Hamilton form �(� + ��) = �(�) + ��

�
h(�)�(�)� �V (�(�))

��(�)

��(� + ��) = �(�) + �� �(�)

Feedfoward neural network for classification

Eq. of motion

h(�) � ��

�
log

�
f(�)g(�)d�1

�
metric

�
�

� � = 0� =�
�

��
�=0

= 0
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Training with QCD data : quark condensate

:  Quark mass

:  Quark condensate

Lattice QCD data at T=207[MeV]
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Training with QCD data : quark condensate

Trained values of potential :
1/L = 237(3)[MeV] ,   λ/L = 0.0127(6)  

h(⌘)
<latexit sha1_base64="vTlG9iOIrhww+0CnFBDonAQYKbI="></latexit>
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⌘
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AdS QCD model for meson spectra

Classical gauge theory in 5-d dilaton gravity background

AdS boundary (           ) :

Solve EoM for gauge field

Dilaton , metric Φ(z)
z ∼ 0

S = ∫ d4xdz e−Φ −g (FMN)2

B(z) ≡ Φ(z) − A(z) ∼ log z

Aμ(z, xμ) = vn(z)ρμ(xμ)
∂
∂z (e−B ∂

∂z
vn) + ω2e−Bvn = 0

When frequency takes a proper discrete value               ,
gauge field is normalizable : vector meson spectra. 

ω2 ∼ m2
n

[Karch, Kaz, Son, Stephanov `06]

ds2 = e2A(z) (dz2 + ημνdxμdxν)
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Bring the bulk EoM to neural network

Discretization
Hamilton form

Neural-Network representation

Bulk EoM

�

∂
∂z (e−B ∂

∂z
vn) + ω2e−Bvn = 0

vn(z + Δz) = vn(z) + Δz πn(z)
πn(z + Δz) = πn(z) + Δz (B′�(z)πn(z) − ω2vn(z))

v

ω2

z = 0 z = ∞z

v(z = ∞) = 0

17

2.   Space emergent from data 7/8

2005.02636 



Training with QCD data: hadron spectra

Positive
Negative

z
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B′�(z) = Φ′�(z) − A′�(z)

Input : PDG data for rho meson mass 
m(1)

ρ = 0.77 GeV, m(2)
ρ = 1.45 GeV
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Result: Emergent metric
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Two independent information of metric
3.   Gravity reconstructed
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Two independent information of metric
3.   Gravity reconstructed

22

Metric

Chiral
condensate

Gravity model
Action

Metric

Meson
spectrum

B′�(z) = Φ′�(z) − A′�(z)

h(⌘)
<latexit sha1_base64="vTlG9iOIrhww+0CnFBDonAQYKbI="></latexit>

h(⌘)
<latexit sha1_base64="vTlG9iOIrhww+0CnFBDonAQYKbI="></latexit>

<latexit sha1_base64="1AYKkIN99CUe0FEMGkcfesu5jZw="></latexit>

B0(z)

1/7



Deriving the dilaton potential (T=0)
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Cf. [Gubser, Nellore, 0804.0434]
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Fit the asymptotic part by
for different values of dilaton initial cond.

It’s a nice dilaton potential !
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Gravity model
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Cf. [Gursoy, Kiritsis, 0707.1324]
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String frame metric has a bottom
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Prediction of string breaking (T=0)
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Quark distance [fm]
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Deriving the dilaton potential (finite T)
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Prediction of string breaking (finite T)
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Lattice data (grey) : Petreczky, J.Phys.G37(2010)094009



2.   Space emergent from data

3.   Gravity reconstructed

1802.08313, 1809.10536, 2006.00712, 2005.02636 

1903.04951

1.   Why and how?

Bulk reconstruction by deep learning

2108.08091, 2209.04638 

6 pages

8 pages

7 pages


