
The Next Project 
— Moscow, Vladivostok, Osaka —

May 19, 2022

Atsushi Nakamura

10:00  Moscow

16:00  Japan 

17:00  Vladivostok

Osaka Castle

FEFU

Moscow city



Subjects today
 What shall we do next ?

Zakharov 
Bornyakov 
Molochkov

Goy   
Ragalyov     
Kudrov

Hosaka 
Nakamura

Participants

Entanglement Entropy !

How about

Any new 
commers

are welcome



Study of Quantum Field Theory

Numerical Simulationsby

First let us study Entanglement

on Quantum Computers
Content


I.   Quantum Computer

II.  Entanglement

III. What shall we do ?



Good paper
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This is the Cooling 
device part.

I. Quantum Computer



How to express |0> and |1>
1. Spin up and down 

      

2. photon polarization  
(right and left circular polarization) 

3. ground energy level and an excited level 

4. etc

wiki-pedia

|0>

|1>

E
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Two types of Quantum Computers

1.  Gate-based quantum computer (IBM, for example)  

2.  Annealing type (D-wave for example)

They change to the gate method ?
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Geordie Rose, the founder of D-Wave Systems



IBM Q https://qiskit.org/z

• 	 Documentation Home

• 	 Quantum computing in a nutshell

• 	 Getting started

• 	 Introduction to Qiskit

• 	 Tutorials

• 	 API Reference

IBM 
Document 

worth reading


https://qiskit.org/documentation/index.html
https://qiskit.org/documentation/qc_intro.html
https://qiskit.org/documentation/getting_started.html#
https://qiskit.org/documentation/intro_tutorial1.html
https://qiskit.org/documentation/tutorials.html
https://qiskit.org/documentation/apidoc/terra.html


IBM Quantum Computing 
roadmap



D-wave
https://docs.dwavesys.com/docs/latest/index.html

What is Leap ?

Introduction to Leap

…..

…..

Run demos and interactive 

coding examples in Resources.

Look “Introduction 
to Leap” !
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RIKEN Center for  
Quantum 

announced on March 24, 2023

The first made-in-Japan  
Quantum computer ?

They use Spin-up.down

for “|0> and |1>” ?.



Baidu (China) announced their 
first quantum computer

Baidu has released a superconducting  
quantum computer “Qian Shi”(乾始)

チエン?

China



Russian scientists have reached the latest 
milestone on the country’s quantum 
computing road map, having developed 
a prototype 4-qubit ion quantum 
computer.

When and where ?



Quantum Computing in CERN

Quantum technology is an emerging field of physics and engineering 

that has the potential to revolutionise science and society in the next 

five to ten years. Knowledge in this rapidly evolving field has advanced 

considerably, yet still, there are resources required that are not 

mainstream today.

CERN can be at the forefront of this revolution. 


Is there a 

real machine? 

Can we use 

it? 



II. Entanglement
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limit in holography [24, 25], observations outside a black hole horizon were described by
an algebra of Type II∞  [26].
The entanglement entropy of a local region in quantum field theory is always ultraviolet
divergent, as discovered long ago [27, 28]. An abstract explanation of why this happens
is that the algebra of observables in a local region in quantum field theory is of Type III
[29], and there is no notion of entropy for a state of an algebra of Type III. By contrast,
for states of an algebra of Type II, it is possible to define an entropy, though in physica
l
terms this is a sort of renormalized entropy with a state-independent divergent constant
subtracted. Thus, at least for the black hole and de Sitter space, the fact that gravity
converts the algebra of observables from being of Type III to being of Type II gives an
abstract explanation of why the entropy of a region of spacetime is better-defined in the
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V. Chandrasekaran, R. Longo, G. Penington and E. Witten,  JHEP 02, 082 (2023)

E. Witten, “Entanglement Properties of Quantum Field Theory,”  
Rev. Mod. Phys. 90 (2018), 045003, arXiv:1803.04993.

Witten discussed Entanglement and Quantum 
Field Theories already 2018 !
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We investigate the quantum entanglement entropy for the four-dimensional Euclidean SU(3)
gauge theory. We present the first non-perturbative calculation of the entropic c-function
(C(l)) of SU(3) gauge theory in lattice Monte Carlo simulation using the replica method.
For 0 ! l ! 0.7 fm, where l is the length of the subspace, the entropic c-function is almost
constant, indicating conformally invariant dynamics. The value of the constant agrees with that
perturbatively obtained from free gluons, with 20% discrepancy. When l is close to the !−1

QCD(
∼ T −1

c

)
scale, the entropic c-function decreases smoothly, and it is consistent with zero within

error bars at l " 0.9 fm.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Subject Index B01, B30

Quantum entanglement is a fascinating phenomenon that was first highlighted by the Einstein–
Podolsky–Rosen paradox [1] and has remained a focus of research activity for decades. If there is
a system in a pure quantum state, measurements on a subsystem A determine the results of mea-
surements on its complement B, even if no causal communication is possible between the two
measurements. The entanglement entropy SA of subsystem A is defined as von Neumann entropy
corresponding to the reduced density matrix ρA:

SA = −TrHAρA log(ρA), (1)

where ρA = TrHB [ρtot], and it is assumed that the total Hilbert space is a direct product of two
subspaces corresponding to the subsystems considered, Htot = HA ⊗ HB .

More generally, studies of entanglement entropy become central in cases of complex systems with
strong interactions, where the properties of the ground state cannot be evaluated directly. In particular,
the notion of quantum entanglement is crucial for the theory of quantum phase transitions, i.e., non-
thermal phase transitions at temperature T = 0 [2–4]. In the physics of black holes, consideration of

© The Author(s) 2016. Published by Oxford University Press on behalf of the Physical Society of Japan.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
Funded by SCOAP3
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Itou, Nagata, Nakagawa, Nakamura and Zakharov

Prog. Theor. Exp. Phys. (2016) 061B01 


Nakagawa, Nakamura, Motoki and Zakharov
Entanglement entropy of SU(3) Yang-Mills theory

PoS LAT2009:188,2009
arXiv:0911.2596 [hep-lat]

Zakharov group already 2009.
Witten discussed Entanglement 2018?

https://arxiv.org/abs/0911.2596


Entanglement Entropy in Field Theories

  Quantum entanglement 
 States which we cannot write as 
 
even A and B are far from each other. 

Famous Example 

• 　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Earth Moon

| i = |�Ai|�Bi
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No effect ?

A B

Measure Action

Now

Past



  Quantum entanglement 
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III. What shall we do ?
1.  Numerical study of the Entanglement Entropy 

  We have experience.   
  Very interesting and valuable for studying Quantum Field Theories 

2.  Study of Hadrons at finite temperature and density 
  Quantum computer is a good environment for this study 
  This is valuable for NICA and J-PARC experiments. 
   


3.  Problem: At this moment, it is unclear whether we can get GPU time 
on any quantum computer. 



Subjects not discussed today
A1

A4• Error-tolerable quantum computing 
(誤り耐性量子計算)

A3• Quantum Teleportation 

• Quantum supremacy (量子超越性)

A2• Quantum Fourier Transform

• Inside  of the hardware

A5• Quantum Random Numbers
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