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Entangled State
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Quantum Correlation cannot be represented by Classical Correlation /O,>/



Superposition of 6qubit among 2°=64 states
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epr_state = QuantumCircuit(2z,2)
epr_state.h(0)
epr_state.cx(0,1)

epr_state.measure([0,1], [0,1])

M., S5 = [0

backend = Aexr.get_backend('gasm_simulator')
job = execute(epr_state, backend, shots=1000)
counts = job.result().get_counts()
print(counts)

epr_state.dxraw()
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my_chsh_circuits[5].draw()

fry

my_chsh_circuits[6].draw()

try

my_chsh_circuits[7].draw()
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The CHSH inequality ¢
Imagine Alice and Bob are given each one part of a bipartite
entangled system. Each of them then performs two measurements
on their part in two different bases. Let's call Alice's bases Aand a
and Bob's Band b. What is the expectation value of the quantity

(CHSH) = (AB) — (Ab) + (aB) + (ab) ?

Now, Alice and Bob have one qubit each, so any measurement they
perform on their system (qubit) can only yield one of two possible
outcomes: +1 or -1. Note that whereas we typically refer to the two
qubit states as |0) and |1), these are eigenstates, and a projective
measurement will yield their eigenvalues, +1 and -1, respectively.

Therefore, if any measurement of A, a, B, and b can only yield 41, the
quantities (B — b) and (B + b) can only be 0 or +2. And thus, the
quantity A(B — b) + a(B + b) can only be either +2 or -2, which
means that there should be a bound for the expectation value of the
quantity we have called

((CHSH)| = |(AB) — (Ab) + (aB) + (ab)| < 2.
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Development

Roadmap

1

Innaovation

R
1

Applying algorithms
to applications

IBM Quantum Roadmap

2020 FEE & V) BEEH - NF

https://www.ibm.com/quantum/technology CTNETCHEREETF v 72

2016-2019 @ 2020 2021 e 2022e

Discovering new algorithms

for advantage

Orchestrating
workloads for
quantum + HPC

Accurately and
efficiently executing
on quantum

computers

oadmap

Software
innovation

Hardware
innovation

Qiskit Runtime
Dynamic
Circuits

Falcon Eagle

1BM ©®@  OQiskit ©@  Application @  Qiskit ©@ OQuantum @
Quantum modules Runtime Serverless
Expanenca Dpen-source SDK Modules for domain Perfare il concepts
for building and specific application abstraction through of managing quantum
campiling circuits for and algorithm primitives and cloud classical
quantum hardware workfiows compute for an end to
end workfaw.

2023 e 2024 e

2027 2028 2029 2033+

Code assistant @

Functions ® Uge case Computation libraries
benchmarking toolkit
Advanced classical Advanced classical 3y Lhility mapping tools Circuit libraries
transpilation tools mitigation teols
Resource Management
Qiskit @  Plugns

Serverless for HPC

Execution

modes

Error
mitigation

Mightha Starling
(15K) 0

Al-enhanced (8  HPC-Quantum ()  Advantage @  Error correction Workflow Fault-tolerant 100M ga tes

quantum integration candidates decoder accelerator ISA

Prototype Realize an integration Define problem types Demonstrate & a i i
demonstrations of of classical HPC and & for advantage in 2026 real-time errar wiarkflow acceleratar complete instruction 200 Loglca I Qu blts
Al-enhanced ‘quantum computer at correction decoder that streamlines set architecture

circult transpilation uriity scale evecution foraknown  including magic state

advantage workflow distillation for FTQC
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7.5K gates 15K gates
10K gates 120x9 Qubits 120x9 Qubits  1BMQuantum

5K gates 120x3 Qubits

120 Qubits

5K gates
133 Qubits
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Introduction to Quantum Computing in the Utility-Era

The goal of this course is to learn how to implement utility-scale applications on a quantum
computer. To achieve the goal, the course covers from the basics of quantum information to
recent advances of quantum algorithms for noisy quantum devices as well as circuit
optimization and error mitigation techniques to maximize results. The course also introduces
how to implement quantum algorithms

using open-source framework of quantum

computing and real quantum devices

with more than 100 qubits. The course | contents:
is intended to help students understand
The potential and limitations of
currently available quantum devices.

: Invitation to the Utility era/Basics of Quantum Information

: Quantum Algorithms: Quantum Teleportation

: Quantum Algorithms: Grover’s algorithm

: Quantum Algorithms: Phase Estimation

: Quantum Algorithms: Variational Quantum Algorithms (VQA)

: Quantum Simulation, Time Evolution

: Classical Simulation

: Sample-based Quantum Diagonalization

: Quantum Circuit Optimization

10: Quantum Noise Model and Quantum Error Mitigation

11: Creating Large Scale GHZ State based on Hardware
Topology and Qubits Fidelity

12: Reproducing Nature paper — 2D Ising model simulation

13. Final Project

OWoOoNOULbEWNER

= rinal presentation, 2022 R AKFIREH X O T XY, 2025



University of Tokyo Quantum Computational
Theory Course @ Imai Lab (2019-2023)

* Delivering course in collaboration
since 2019

* Department of Computer Science,
Registered under CS, PHY, Ml)

- e From gates, circuits, * 14 weeks during Spring Semester
= measurements to quantum

algorithms and applications in e Material co-developed by IBM

machine learning, , Research - Tokyo and UTokyo
optimization, and chemistry.

* Focuses on teaching students how to
program and execute quantum circuits

Weekly quizzes to test understanding using Qiskit
of lectures each week - I

* Reached 500+ students so far (100+

IBM o students complete the course each
Quantum o T .
Challenge o B g year)

:::::::

Spring 2023 Achievement
Advanced

o o Originally started around 2009
Students participated in Challenge for by Francois Le Gall in G30 projectsl

14l extracreditIBM Quantum w/o use of quantum computers




University of Tokyo Quantum Computational

Course @ Sato Lab (2024-)

For the first time, educators and
students can exploit 100+ qubit
systems in classrooms.

The Spring 2024 course at UTokyo is
the First Utility-scale quantum
computation course offered in the
world.

Students learn utility-scale workflow
and implement the nature paper
using Qiskit by the end of the
course.

Designed to provide practical skills
to help students become part of the
workforce that can bring useful
guantum computing.

(o] v s F
I ~ Implementation of the utility paper

Trotter Circuit

Create a circuit to simulate the time evolution of the kicked Ising model. First, let's make one circuit that is its building block.
The Hamiltonian is

H=-JY ZZ;+h) X,
(i.9) i

The unitaray gate for trotter are

izt _ stZZ; _ _
e Hazdt = ”(i./') elo) = n<u> Rz (-2J61)
—iHy6t _ —ih6tX; _

e ot = [, =], Ry (2h60),

import numpy as np
from giskit import QuantumCircuit
from qiskit.circuit import Parameter

6_h = Parameter("$\\theta_hs$")
6_j = Parameter("$\\theta_j$")

qc = QuantumCircuit(2)
qc.rx(e_h, [0, 1])
qc.rzz (_j, 0, 1)

nature - PONS of
& S 5
O e
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CUTTING . . | -
o @O
THROUGH | | B L
s [ s
' . 1 . & o )




= e 5 [V 2 g = i N 151 5
IAHAHEBEBHY F2TLD
g = L T E T,

BEFEOFEHRFRABICE
W T EF T B & 521
I AHREBRCER OB
B CEH R DS2E L 15 5
LOICwiB - EIRFIEHZ
BB TWET,

EEHl (1. 24E4) 3 SEEEER (3. 454) } BELarHiEE (1. 2£4)

PR S EHEIS ETRMEFREMLRL, XEPFEFE Q-LEAP
= = AMBREZ0Y 5 LO}BEHEITTAS S
© Quantum Academy of Science and Technology reserved. I t L 'c ri%*ﬁﬁﬂ%%&tm 51:2_%7 O
https://qacademy.jp/curriculum/ 7 LDRAFE] ICEODZEEZEINTVLWET,




HUXxa2F7LIEEETI
ZFERauEA (1. 24F4%)
B T SRR BT EmyE BFF1AR EFHEMTE  BFAvbT—s BE

HERIE ARV R 27 EREGR

EFry FDEFHY SV LISFARER HERESY (546

B /055310 2770 FLER 7AY5 I I DRI
(BFTLTURLCERS 2R T5HE) (8770 TERT 2ETHE) (F075 LB HEASBETA)

— (T%Jt?l:l77\/7{/\&b) RIS FIVH R

7D77Aﬁ% » ETBIE ‘
BRI o EFTLTYRL
(327345 07-50) .
FAEE F— T AD) FAEBE A~ b - R R

(33734 5 & B ¢ BT

2N Z &ETEMR - . N

7_:\:7__77’_)(’0;%2\%?@) » E?/f /Q_Z‘ \\/ }\
Fa—1) T S _

FILTYR L F— RS s EFRXY LTV

BRI AR

YR RER -
YEERT

KRINLFIVER
ANRAFNHIRE G, PEDNAYF2T7L%HED
%}_'_75‘1993_5'1 7 unXu-I_T%j‘j_/fTa?)%) ;‘?ﬁ'[/ <

% B) 7LZ> L ot%ﬁ'*ﬁ’]?&%lﬁ L\’C

FPET—VICDOWTIRYIRLFOIEES A L DHET, FENEDZTEICRAILT - THRBDOH#
<. T %/utqué%%*v’)wé ENTEDZLIITHESTWBZ EBEFHETE, X1 F
:trﬁ&#a%t@?u_t ﬁﬁamA#b@ﬁamﬂmwﬁﬁc BLWTHRERNLER
AT AHEESAEFLRYTL., LR ERH L EEIZNTLS

B =7aiaene [ ETseRee [ eRE
QL EFEERSRANA



—

T I

HUX2F7LEERETE

FERRHA (3. 455

ETFRERRF EFHRYEF BFTNAR

HERE

SreEEAELEf > T—

IVRUTI A NBRE R

BT v/ VIBRER

SFBERICH TS8R

SF BRI T/ A X1
ETHFENEF T/ A AERE

BFEHCT RS ERE BEEETEY M
A DR R
%S EFHETTYVY
BHRF A4Sy TER
B LBFHBETL

QuditnEF 1=

15 DI mE

SFHREYE  BEYIEERE

EigZ

TILTURXLRRE

HEEEH
(Fa—UVITIUAB)

EPSRESE

QL EFERBSAERA

TOZANZGATA2YT

e
gl | [P —
ETA— YR

EFHEMTY  BFivb7-—s B

S =B

=zh

TET VSR

EEFTa YT

EFHEHOEHD

B2 /A SERE o p = .

EFAEHDEHD
HRY—FTIF v B

EFHEROLHO
HHOSE
Bt

=SFaAVE 1 —2EW
EF@EE7OrIL

EFBEVATLA

SEFRIESRTLA

B =raainene [ Erserse N frAE



HUXaTLEEETT
ELai SRR (1. 25F4%)

B 7 SRRy B EEmES BF 5/ R BYHEMTY  EFrvb7—s-BE

m—— ———— 25 AINHR

e o BHHRR - EREN
— 7 =Z=WE
EESRVBIE
[ ]
BT /053056 BFAHOBT AL %:_E?%%fggg o 77 7ERKRUER
» EFRER

EFTINITVRLEE IR A N R EFHEHER

SHEDIOD

47— F v » BE5EH
= T EER
EFETEHKOT-HD .
HHOSEHE =

ETRVFTE
BEFHMTE 2F¥Ial—rar

2T IER&M EFIBERDT-DDHEET
&% (SDP, ML#E)

EFRAEEE R FIRRFDNRT )y 7L — 30X

B =7amadene [ E7seree [ e

QL EFRRRSRERS



HBEF AT
Tﬁ@@ﬁ%
Y FxF a7 LYY —

- FERHTEY
>l Fa17 A
D#b%é
:ﬁﬁﬁﬁ%%@l
> NAEF =S|

C FNF T RS
KFTh->7-HFT
PR EAFRL T
NIBE S &ﬁAﬁ%
NEREFT DRI
T iLxTTHE%%é%\E

\—- .

%/%&K%!ﬁﬁ@
P RAZ T O
R HLE &R
& —A - EFIV
El—ﬁ@%ﬁﬁgﬁ
SHE, KF #2025
1%%77,N0420
https://daigakujihou.shidair

LaR 3]

MR (+REBXRMAZ)

Zaad

4
; ,,,,,
&
= | I I
. BE BFRE -2 Al F—$H4IVZ -2 | | REYATL-EFIYTS T-R haEmE X
X A MENERCR
Project Based Learning —E. 2 RELUNELEEND,
® ayEa-% ERERIE
2 RFxYrT—2 BFaVEI-F4T vIFVIRkyy vy HERRE B aAvEa-#EYay
# I374992R
3 Wiy zaL—vay RRFI— 5 RHT maEE Fegn—zyFh || TVTAVT L
$ YRThA Z0E o
* |\ || BERE
e " - F-gvq=vIE Taeyy. WAABS 2T LE
. BEEFYVS RFREER ERERLE Bebrigs A, e mEsaE
™)
0 o AlE Na—vRme et -
RELWBOME ) e s qAVEa—$VATL || HEEFaYT4 XAl
y A N ll ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
. . o
Y \Yr
y i1
* Hwmn RTEBOES SERF-sEE || EMv7hozrIR BATRIERE
L2 F-alEs
1 bt p4 %= F @N
s BRSO SRS RN
2 BEEREE
; ——————————————————— ERMEB A oo EWHERB o]
N ﬁﬁﬁ’t’;’g || BaltonE 7 — SRR QTR
B} YZFh
o) i oW N BARERNER
" AT ATy FosRmiiRe AV8—ky MR EOERH AN
F—EYLI VR
g | N\ FIWHEINE 2A-28
# RABRB EBNENE 1B RIS B ERNCENE 28 a/TOIFIVY ruRE MEAEE 1A-1B
EFISa=s—v3av2A-2B
é ””””””””” I ”””””””””””””””””””””””””””” i ”””””””””””””””””””””””””””” I ”””””””””””” I ””””” 1| #maza=r—vavi1a-8
b4 . BERE A EBUEEE 1A @i A EWEEEE 2A AVE2-2ESFHRYRFL
. |
= YR MIORBA-B
BELNE

en.or.ijp/list/contents/?jihou
=420

[ e | e ||

sEA

#HB

HEMOXDI. [HEAIEHEBIORKRE.
2. [REBIDMBO-HIEHEAIDBTHERTNEILERT.



https://daigakujihou.shidairen.or.jp/list/contents/?jihou=420
https://daigakujihou.shidairen.or.jp/list/contents/?jihou=420
https://daigakujihou.shidairen.or.jp/list/contents/?jihou=420

BlochEk—1&FE Y hDETIL

. BEFTHIIC & U RARE 1 10
ZREA ) ‘U>AZ 10) = (0)’ 0X0] = (o 0)
« RYJ FIVIEHRIREE X T

> v IU}:L/_?Il} \/_(1)

1,4 —
EG 1l)

TILI— T

1) =)= )

26



EPR State (entanglement) 0= (1), = °)
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