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KIAS (Korea Institute for Advanced Study)

e Established in 1996
e Located in Seoul, Korea
e Pure Theoretical Basic Science

e Schools
— Mathematics
— Physics
— Computational Sciences

« By the computation, For the computation

e 20 Prof's, 2 Distinguished Prof’s, 20 KIAS Scholars,
70 Research Fellows, 20 Staff Members



Information
Science

Quantum
Information

Science

Quantum Parallelism
- Quantum computing is
exponentially larger and faster than digital computing.
Quantum Fourier Transform, Quantum Database Search,
Quantum Many-Body Simulation (Nanotechnology)

No Clonability of Quantum Information,
Irrevesability of Quantum Measurement
- Quantum Cryptography (Absolutely secure digital communication)

Quantum Correlation by Quantum Entanglement

- Quantum Teleportation, Quantum Superdense Coding,
Quantum Cryptography, Quantum Imaging




Twenty Questions

Animal ...
Four legs? Yes(1) or No(0)
Herbivorous? Yes(1) or No(0)

Yes(1) or No(0O)

Tiger?



It from Bit

John A. Wheeler
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KOREAN Characters "Hangul”: Consonants and Vowels

beginning of a word: heaven
= g or k after non-vocal sound;
T i k, last sound of a sullable .
= hurnan being
1-k
L -n earth
beginning of & word: _
I{ = d or [ after non-vocal sound; I_ a H ae :
last sound of a syllable ; Mnemonic
Y/_\ - d F va H vae F: dot After the bar
4 dot Occlrs before the bar
E - t ‘l 2o ‘" e o dotOverthe bar
- dot Under the bar
= S ar I last sound of a svllable :I yeo :" ye l:like I
O-m L0 1} wa 1l wae 4] ce
beginning of & word:
@ H-b ar ieuftetr nnn;unfcal scii_mhl:llj AL yvO
y astsound of a syllable
HH = p T U,00  wo Hl we +| wee, ue
=P T YU,yoo
A=8 ™ — eu, U(short) —| eul, ui
A= g i ee eu, u(short)
. = 5 . D G
@ A = ] >t lastsound of syllable UII,EE = =1 U, 00
X=| ts first sound |
X =ch, ts _ first sound Co Ole Oleo @0
C QSORE second sound OH ae
O = nO sound first sound of a syllable 3 el vowel
O =-ng last sound of a syllable Hﬂcﬁ;}ﬂﬁund last sound 0}5
O = h o t last sound of a syllable consonant

Thank you. = 2FAFEHL CHkam sa hap ni da > kam sa ham ni da)
DO=LCH ko map sup ni da > ko map sum ni da)

greetings = 2H4 5HAlE (an nyeong ha se yo)

good bye = 25| HAHl= (an nyeong hi gye se yo) (Stay with peace.)

o4 &| JIMl 2 (an nyeong hi ga se yo) (Go with peace.)

L By



Taegeukgl (korean National Flag)
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\\. /s

Qubit = quantum bit (binary digit)
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Businessweek 21 Ideas

side eftects. And there may be pressure--trom INsSUrance
companies, even from emplovers--to take the preventive medicine
even if we don't want to, Our chances of survival rmay be greater,
The costs of survival may bhe as well

e o infensdew with Alexandrs Heerdt, directar of Memonial
Sfnan—Keffanmg Cancer Centar's special sunseifiance hreast

< Arogrant
f 21 st
2 15 MONEY
Lenmry In the new financial cosmos, it will be safer to take a
dare.
To 873033 Imagine a market where hedgers and speculators meet to trade
10 CITIES ;| futures, similar to today's betting on the value of corn or
soyheans, The wagering will concern the future value of a career,
11 BIOLOGY b Th ing wil he f lue of
]Zml_ a neighborhood, or even a country. If the risk of a
INTELLIGENCE stlck—your—EecAc—DLlJt choice is hedged, it's suddenly & whole lot
=== easier to take the plunge
13HEALTH 17 POLITICS
14 IMNTERMET Democracy goes direct--again.
n rmany ways, it's back to the =, Candidates will canvass
15 MOMEY I it's bhack to the 1830s. Candid ill
15— voters in their homes: citizens will gquestion paliticians in public
DEMOGRAPHICS forums. The hig difterence: It will all take place on the Internet. The
S lninl e B danger: Net-based splinter groups could factionalize public life
17 POLITICS |

21 QUANTUM COMPLTERS

for the 21st Centur

Explore Business Week Online => =
thousands ot PLLs working in concert have already tacklied
complex computing problems. Inthe not-so-distant future, some
scientists expect spontaneous computer networks to emerge,
farming a "huge digital creature”

e a irfensdew with Chemy AMumayv, head of Phvsical Research
Lah, Self Labs

16 DEMOGRAPHICS

The ‘little emperors' can save the world’'s aging
population.

How will & shrunken generation of fewer, more pampered children
worldwide support their retired elders? By using their extra
education, ambition, and advantages to become more productive
than those who came hefore them

18 EDUCATION

Kids were right all along: High school is obsolete.

Should kids head for college when they're 15 or 167 Some expers
think so, and some kids agree, They argue that the [ast two vears
of high school just keep students in & holding pattern, when many
are independent enough to be starting their advanced education
& Video inferview with Nathan Mvohvald, Ciief Technalfogy
Gificer, Microsaft

The tloughest problems sall be solved with a roll of the

dici,

Pk VSICISES hope 10 use Subalomic parmcles imprecise nature 1o
answer gqueshions beyond the rgach of inday s compulers

Astounding tales that might come true!

YWhat high-tech marvels will materialize in the next 100 years?
Science fiction is a wellspring of predictions for the next century,
Drawing on predictions in the following 30 astounding tales,
illustratar David B, Mattingly created this vision of the future

Q&As, Web links, and video interviews
additional online-only items found throughout this package are
collected here.



Transition to Quantum

Mathematics: Real = Complex
Physics: Classical = Quantum

Digital Information Processing

— Hardwares by Quantum Mechanics

— Softwares and Operating Systems by
Classical Ideas

Quantum Information Processing
— All by Quantum Ideas



Quantum Information Processing

e Quantum Computer

— Quantum Algorithms: Softwares ’

o Simulation of quantum many-body systems

« Factoring large integers
 Database search \®
— Experiments: Hardwares

e lon Traps
* NMR
e Cavity QED, etc.




Quantum Information Processing

o Quantum Communication

— Quantum Cryptography IT
o Absolutely secure digital communication

e Generation and Distribution of Quantum Key
— ~100 km through optical fiber (Toshiba)
— 23.4 km wireless—> secure satellite communication

— Quantum Teleportation

 Photons
 Atoms, Molecules

e Quantum Imaging and Quantum Metrology




Cryptography and QIP

Out with the old,
In with the new.

* Public Key Cryptosystem (Asymmetric)
— Computationally Secure
— Based on unproven mathematical conjectures
— Cursed by Quantum Computation

 One-Time Pad (Symmetric)
— Unconditionally Secure
— Impractical
— Saved by Quantum Cryptography






Classical Computation

e Hilbert (1900) 23 most challenging math problems

— The Last One: Is there a mechanical
procedure by which the truth or falsity of
any mathematical conjecture could be
decided?

e Turing
— Conjecture ~ Sequence of O'sand 1's
— Read/Write Head: Logic Gates

— Model of Modern Computers



Turing Machine

Finite State Machine: Head

i %= f(q,s)
i st=9(q,)
1d=d(q,s)

d Bit {O,]}

Infinitely long tape: Storage



Bit and Loglc Gate

Y

NOT

Q

Y

OR

\ /
r. _/’

XOR

0->1
120

00->0
01->0
10->0
1121

00->0
01->1
10->1
11->1

00->0
01->1
10->1
1120

} “Universal”

——
——
1

NAND

i “Reversible”

C-NOT

CCN ( Toffoli)

!

“Universal”
“Reversible”

-l

C-Exch ( Fredkin )



DNA Computing

Adleman

e Bit{O0,1}=> Tetnit (?){A, G, T, C}
e Gate = Enzyme

e Parallel Ensemble Computation
— Hamiltonian Path Problem



Complexity

N= (# bits to describe the problem,
size of the problem)

(#steps to solve the problem) = Pol(N)
- “P(polynomial)”: Tractable, easy

(#steps to verify the solution) = Pol(N)
- “NP (nondeterministic polynomial)”: Intractable

NPEP
NP PP or
P =p?




Quantum Information

. Bit {0,
. ]}-) Qubit a|0)+b|1) with \aj2+\b\2:1

* N bits = 2N states, One at a time
Linearly parallel computing AT BEST

N qubits = Linear superposition
of 2N states at the same time
Exponentially parallel computing

= Quantum Parallelism  Deutsch

But when you extract result,

you cannot get all of them.



Quantum Algorithms

1. [Feynman] Simulation of Quantum Physical Systems
with HUGE Hilber space ( 2N-D )
e.g. Strongly Correlated Electron Systems

2. [Peter Shor] Factoring large integers, period finding

t;,  Pol(N) t, Exp (N'3)

3. [Grover] Searching

tq G\I éC|ﬁ~ N/2



Digital Computer

v oits N b

Digital Computers in parallel

Quantum Computer : Quantum Parallelism

N bits : ! N N bits

N bits




Quantum Gates

Time-dependent Schrodinger Eq.

Unitary Transform
ihl > -H |y > Norm Preserving
ﬂt Reversible

y ©)=€"""ly (0))=uT)ly (0))

K 00 ad 06 ,_a® 10
P(q)_go eq; _80 1y X_gl Og

a® -16 _1aé 10
G 5T 03"

H|O >:i2§ 112;; }gg:%(\oﬁ\l}) Hadamard
- id 12 Lo




Hadamard Gate

HiAH, A LA Hy|0),A|0),A..A|0),
-i(\o>1+\1> A5 (100, 11)A -7 (10)y +11y)

= (\0102 On ) +[105..0 ) +... | Lyl Iy ))

-1 Ei\k(blnary expression))

oN k=0



Universal Quantum Gates

General Rotation of a Single Qubit

ge oosgqt-j -ig " sinagt-j(-J
25 20, }
V(q,f)=g _f qu aqi ”
-ie™ gn— = g
8 05 %5 &

X.: CNOT (controlled - NOT) or XOR

ad OC')Aaé- 06 a® 06.a®d 16

¢0 05 S0 15 So 1;A81 0y
=|0)(0|A 1 +|1)(1]A X l

Xc|a)[b) = |a)[aA b)




Quantum
Scalable Qubits

Circuit/Network

DiVincenzo, Qu-Ph/0002077

Unitary evolution
. Deterministic

— : Reversible
initial State % Universal Gates
M A iy
On—e X —tmmmmm— V]
Yii |0f m Djlezcxl;s'Y L)
Y |0On e
=

Cohere,
Not Decohere

—— | Quantum measurement

. Probabillistic
. Irreversible change




Quantum Key Distribution

Single-Qubit Gates 13

[BB84,B92] gle-Q
QKD[E91] V -

Quantum Repeater J _ 13

.~/ | & Two-Qubit Gates
Quantum Teleportation
Quantum Error Correction | Single- 3 40
Quantum Computer & Two-Qubit Gates | 3 100

7-Qubit QC




Physical systems actively considered
for quantum computer implementation

Liquid-state NMR
NMR spin lattices

Linear ion-trap
spectroscopy

Neutral-atom optical
lattices

Cavity QED + atoms

Linear optics with
single photons

Nitrogen vacancies in
diamond

Electrons on liquid He
Small Josephson junctions
— “charge” qubits

— “flux’ qubits

Spin spectroscopies,
Impurities in semiconductors
Coupled quantum dots

— Qubits: spin,charge,

excitons

— Exchange coupled,
cavity coupled
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Chuang

Nature 414, 883-887 (20/27 Dec 2001)
OR QP/0112176
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Concept device: spin-resonance transistor
R. Vrijen et al, Phys. Rev. A 62, 012306 (2000)

V=0

Ge

— 81, ,,(e, ;; barrier
— S1,15G€ g
low g — Sig,Gey g
high g I — Si,,,Ge, 4, barrier

/n-SiMGeM ground plane
1 — S1-Ge buffer layer

__ S1 substrate




Quantum—dot array proposal:
Loss & DiVincenzo, Phys. Rev. A 57, 120 (1998).

side gates <
:r ,E# KB’ ,E:’ H,f
—

BN BN BN B BN B O ack gates
— collectors
—quantum dots defined in 2DEG by side gates
—Coulomb blockade used to fix electron number at magnetized
one per dot bartier
—spin of electron is qubit

—gate operations: controllable coupling of dots
by point—contact gate voltage

—readout by gatable magnetic barrier

high g—factor
layer

aaaaaaaaaaaaaaaaaaaaaaaa

Sudd i nemtlmeS e xS i 20000 i o



lon Traps

e Couple lowest centre-of-mass modes to
Internal electronic states of N ions.




Quantum Error Correcting Code

Three Bit Code

Encode Recover Decode

oo ﬁm

mlm?2 W

e
\ ¢ y

o) BP-—+{M B

o —@d{m| [

N
J



Molding a Quantum State

Molding



Sculpturing a Quantum State

- Cluster state quantum computing —
- One-way quantum computing --

Initialize each qubit in [+ state.
Contolled-Phase between the neighboring qubits.

Single qubit manipulations and single qubit measurements only [Sculpturing].
No two qubit operations!



00=>00

\) 01->01
10>11
XOR
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Qubit Copying Circult?

X y)=alo)+bjy) i

T -a00) +bj11) >
(v

Y XA yl—X 0)




Entanglement by Two-Qubit Gates

a [Ofi+ b |1f —e——
a [0A0fi+ b |1f1A
0f ——

a |0fi+ b |1f
0 l a |0fofofA+ b [1A1A1Mn
0

L/

N

N




Single Particle Entanglement

Single Electron H=-t 01+C2+C501
)= (1)+12)
1
or ly >=ﬁ(f192+91f2)

Single Photon %Beam Splitter

2O aVWa 4 > \%

)= (210 +[0})



Quantum Teleportation
using a single particle entanglement

m Alice
. Lee, JK, Qu-ph/0007106;

—t= Phys. Rev. A 63, 012305 (2001)
1) C F
> \ > / > 9
—
3
D | —— | H
Y 1) / B ] / D
—» > I — D
| e— | A G
Source Bob

N— 7

I=a



No Cloning Theorem

An Unknown Quantum State Cannot Be Cloned.

Zurek, Wootters
<Proof>

U(a)|0)) =
U (|b)[0)) =




“|f an unknow gquantum state

T can be cloned ...

e Quantum States can be measured as
accurately as possible ?7?

yab |y f, [y, [yf, [yf...
measure, measure, ...

« Commnunication Faster Than Light?
ly i =00, |11 - [1, [OF; Tor O
= [+ |- - |- [+7 for *1



Communication Faster Than Light?

1 7
If an unknown quantum state can be copied;
ly i =10n, |1f, - [1f, |OR, for *0°
= |+ |- - |- [+ for ®17
Alice wants to send Bob “1.” ly i = |+, |-/, - |7, [+, for “1”
Alice mesures her qubit in {|+>,]->}.
Alice’s state will become [+> or [|->.

Bob’s state will become |-> or |[+>.

Let’'s assume it is |[+>. |+
Bob makes many copies of this. |+7 [+ [+7 [+ ...
He measures them in {|+>, |->}, and gets 100% |+>.

He measures them in {|0>, |1>}, and gets 50% |0> and 50% |1>.

Thus Bob can conclude
that Alice measured her state in {|+>, |->}.



Mysterious Connection
Between QM & Relativity

 Weinberg: Can QM be nonlinear?
e Experiments: Not so positive result.

e Polchinski, Gisin:

If QM Is nonlineatr,
communication faster than light is
possible.



Cluster State

1. Qubits on lattice sites are Initialized to be ‘+ﬁ

=102 =g

2. Operate Control-Z on neighboring qubits.
Cont—Z-\O}(O\AH )(1\AX
aéOoaéOoa@Ooa@lo
'go o;,Ago 1@ &0 13“31 Og
d 0 0 09

10 07
001 0.
0 0 -1
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~ &0 -1§A'+'Ago -1y &0 -1,3Ago -15"

B+1-1-1 0 0 0 & &

¢ 0 1-1+1-1 0 0 -_%

0 0  -1+1+41-1 0 . (O

€ o 0 0 1-1-1-15 §0
iPH

Cont-Z=e*

o O O o

o O O O



INA

}ﬁi

LA

- o
= =4
- H i
=2 =4
= H o
= =4










One-way guantum computing

Optical Lattice, Quantum Dots, Superconductors, etc.

Single qubit manipulations and single qubit measurements
only [Sculpturing].
No two qubit operations!



Quantum computing with
gquantum-dot cellular automata

Géza Toth and Craig S. Lent
PRA 63, 052315

bi Pbias,j PbiﬂS,N—] Pbias,N

R
iﬁ%%“ﬁi?ﬁ

| | , 1-D array

Y1 Y3 TN-1

P bias, |

z,yfﬂzh ]—E EIT jlo.(j+1)

J.-"H.T

T 21 EDPbias.j"j-_-(f).
Jil:



Some comments

1-D cluster state quantum computing can be
efficiently simulated by digital computing.

2-D cluster state guantum computing Is equivalent
to quantum circuit guantum computing, but needs
more(just polynomially more) qubits.

“Proposal”. 2-D array of vertical QDs

2-D cluster state does not seem to be a ground
state of some Hamiltonian.

Once the cluster state is prepared,
only single qubit measurements are needed.



QUIPU [ki:pu]

1. Quantum Information Processing Unit [JK]

2. A device consisting of a cord with knottec
strings of various colors attached, used by the
ancient Peruvians for recording events, keeping

accounts, etc.

Computation

* Peruvian Information Processing Unit
for Computation and Communication

*Rosary
*Buddhist Beads




