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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]

8

Comparison of solvers

Cf. Matti Järvinen’s talk on V-QCD
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holographic QCD model for meson spectra
[Karch, Kaz, Son, Stephanov `06]
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2.   Space emergent from data 1/4
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Vector meson spectra are eigenvalues                  of 
normalizable solutions of the differential eq:

!2 = m2
n

<latexit sha1_base64="1ZehNSTqrvIlP6hepUYJ0wwLNLA="></latexit>

: metric in the emergent dimension



holographic QCD model for meson spectra
[Karch, Kaz, Son, Stephanov `06]
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2.   Space emergent from data 2/4

Vector meson spectra are eigenvalues                  of 
normalizable solutions of the differential eq:

Model : Classical 5-d gauge theory in unknown dilaton gravity b.g.

AdS boundary (           ) :

Solve EoM for the 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)

ds2 = e2A(z) (dz2 + ημνdxμdxν)
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◆
+ !2e�B(z)vn(z) = 0
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!2 = m2
n
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Bring the bulk EoM to neural network

Discretization
Hamilton form

Neural-Network representation

Bulk EoM

�

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
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2.   Space emergent from data 3/4
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Training with QCD data: hadron spectra

Positive
Negative

z
<latexit sha1_base64="SJhDWOzNl6n2GkZuiMiTY+AO8D8="></latexit>

B′�(z) = Φ′�(z) − A′�(z)

Data : 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

2.   Space emergent from data 4/4

2005.02636 

!
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Deep learning
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Two independent information of metric
3.   Gravity reconstructed
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Two independent information of metric
3.   Gravity reconstructed
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Deriving the dilaton potential (T=0)
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V = 12 cosh(1.433�)
<latexit sha1_base64="WFEwiunshiHDFwN4UebuX6c649g="></latexit>

V = 12 cosh(1.430�)
<latexit sha1_base64="962FTakdQi+UdZCyF9KYfcNyd2g="></latexit>

�16.778�2 + 5.943�4

Cf. [Gubser, Nellore, 0804.0434]

2108.08091 

Metric

B′�(z) = Φ′�(z) − A′�(z)

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

B0(z)

3.   Gravity reconstructed 2/7



Fit the asymptotic part by
for different values of dilaton initial cond.

It’s a nice dilaton potential !
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Gravity model
Action

V (�)
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2108.08091 

Cf. [Gursoy, Kiritsis, 0707.1324]
[Gursoy, Kiritsis, Nitti, 0707.1349]

3.   Gravity reconstructed 3/7



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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3.   Gravity reconstructed 5/7



Deriving the dilaton potential (finite T)
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Prediction of string breaking (finite T)
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3.   Gravity reconstructed 7/7

Lattice data (grey) : Petreczky, J.Phys.G37(2010)094009



2.   Space emergent from data

3.   Gravity reconstructed

2005.02636 (1802.08313, 1809.10536, 2006.00712, 2409.?????) 

1809.10536, 1903.04951

1.   Why and how?

Bulk reconstruction by deep learning

2108.08091, 2209.04638 

6 pages

4 pages

7 pages



Exp/Lattice
data

Exp/Lattice
data

QCD

Wilson loopHadron spectra /
Chiral condensate

?



Exp/Lattice
data

Exp/Lattice
data

QCD

Wilson loopHadron spectra /
Chiral condensate

?
Bulk reconstruction

Metric

Exp/Lattice
data

Gravity model

gµ�

Prediction

Exp/Lattice
data

Action

QCD



Exp/Lattice
data

Exp/Lattice
data

QCD

Wilson loopHadron spectra /
Chiral condensate

?
Summary :

Deep learning enables us to find 
a gravity model dual to QCD,
in a data-driven way

Challenge :
Can we pin down the unique
gravity model consistent with
various QCD data?

Physics :
Chiral sym. breaking has the
same origin as confinement!
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V [�] = � 3

L2
�2 +

�

4
�4

<latexit sha1_base64="0ZPvXRyLYf2eRmvpBovYt1dghbQ="></latexit>

Simplest holographic model
A.   Bulk from chiral condensate 

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
Hole

1/5
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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

A.   Bulk from chiral condensate 2/5



�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
38

A.   Bulk from chiral condensate 3/5



Training with QCD data : quark condensate

:  Quark condensate

39

A.   Bulk from chiral condensate 4/5

:  Quark mass

Lattice QCD data at T=207[MeV]

<latexit sha1_base64="8KMjtI/FKR3jQdKSY38U86Gpi0o="></latexit>mq

<latexit sha1_base64="76LlFEvNnRyWb81C3oW1muf/3po="></latexit>

hq̄qi



Training with QCD data : quark condensate

:  Quark mass

Lattice QCD data at T=207[MeV]
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A.   Bulk from chiral condensate 5/5

<latexit sha1_base64="8KMjtI/FKR3jQdKSY38U86Gpi0o="></latexit>mq

<latexit sha1_base64="76LlFEvNnRyWb81C3oW1muf/3po="></latexit>

hq̄qi

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

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

Bulk reconstructed!



1 + 1

(d-1) + 1

(d-1) + 0

d + 0

d + 0 (w/ boundary)

AdSd+1 CFTd

Worldsheet

Worldvolume

RT surface

Volume

Island

Wilson loop

Flavor partition fn.

Entanglement

Complexity

Page curve

Surface dim.

AdS/CFT is made by surfaces!
A.   Review: bulk reconstruction 1/5
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Wilson loop

x0
<latexit sha1_base64="pNg+PFKB4S0XH1TB4YELu7mwyww="></latexit>

x1
<latexit sha1_base64="VmurALKz/UHAdDa2O6j/tFgCPwQ="></latexit>

x2
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R
<latexit sha1_base64="UOoP8U7dNbrijn65gn6meLujf9U="></latexit>

hW i ⇠ exp[�E(R)�]
<latexit sha1_base64="1KRJPMDVOn7qnEFOYR9NAlRhLO4="></latexit>

� ! 1
<latexit sha1_base64="+a5FLLinsuoD09SHAI9jx/yG5qc="></latexit>

Quark potential

W ⌘ Ptr exp


i

Z
Aµ(x)dx

µ

�

<latexit sha1_base64="EGstQD7cmjLlUdcx8KD7lzw937w="></latexit>

A.   Review: bulk reconstruction 2/5

In confining phase,
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AdS/CFT calculations of Wilson loop
Bulk metric in string frame

R
<latexit sha1_base64="UOoP8U7dNbrijn65gn6meLujf9U="></latexit>

Nambu-Goto string solution

Quark potential

[Maldacena 98] [Rey Yee 98]

�
<latexit sha1_base64="I1tqBxdpOAQ66PEb2DaZI6pEOqU="></latexit>

ds2 = f(⌘)(�dt2 + d~x2) + d⌘2
<latexit sha1_base64="HFeiIFVFhKqZVD/HOw4XS5SmJ+U="></latexit>

A.   Review: bulk reconstruction 3/5
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AdS/CFT calculations of Wilson loop
Bulk metric in string frame

R
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Nambu-Goto string solution

Quark potential

[Maldacena 98] [Rey Yee 98]

�
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ds2 = f(⌘)(�dt2 + d~x2) + d⌘2
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A.   Review: bulk reconstruction 4/5
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Wilson loop bulk reconstruction formula
[KH 20]

ds2 = f(⌘)(�dt2 + d~x2) + d⌘2
<latexit sha1_base64="HFeiIFVFhKqZVD/HOw4XS5SmJ+U="></latexit>

A.   Review: bulk reconstruction 5/5
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