Quantum Computing

toward fault-tolerant quantum computation

Transversal Lattice surgery
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Introduction



Personal Motivation

Research on the Quantum Information Theory and Quantum Computation

is rapidly advancing recent years.

— learn the essences and recent progresses
ordinary quantum mechanics < modern quantum information theory

Many interesting features such as

+ Languages different from fundamental quantum mechanics
— New Concepts

» Challenges to realize fault tolerant quantum computation
— Creative Ideas

+ Realization of quantum computer hardware
— Technological developments 3



Fault Tolerant Quantum Computation (FTQC)

Fault Tolerant Quantum Computation (FTQC)

Arbitrarily accurate quantum computation is possible when all relevant
physical error rates are below a threshold under suitable assumptions on the
locality and correlations of noise.

For realizing it, quantum information must be protected not only during
storage or transmission but also during dynamical computation.

Reduction of error rate with scaling the size has been experimentally

demonstrated.  Google quantum Al, Nature 614, 676 (2023)
Google Quantum Al and Collaborators, Nature 638, 920 (2025)

Fundamental Proof of Principle

{} state transition

Technological Development
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Universal Quantum Computation

[Hen20]

Quantum Simulation and Computation

Simulation by implementing the relevant Hamiltonian

(b) Analog processing

Tt ) mA
10y
10y
10y Nyl
10y i =

G niversal Quantum Computation (quantum gatesﬁ Classical Computer

(logic gates)

(a) Digital processing

| A=
ioy{H] (H] ' A=
(oy-[H]— > %

—

£




Quantum Supremacy (Quantum Advantage)

(not picked-up today)
Computability

John von Neumann

| h Richard P. Feynman
Turing Machine (1936)

Quantum Computer (1982)

Classical Computer

Computational Complexity

Church-Turing thesis:

Any algorithmically computable function can be computed by a Turing machine
Strong from of the Church-Turing thesis

Any physically realizable computation model can be by a Turing machine with polynomiz
overhead. E. Arute et al. (google) , Nature 574, 505 (2019)
Claimed as the first demonstration
BPP g BQP ? ... not pr oved of quantum supremacy P -
— still under debating

BPP: Bounded Error Probabilistic Polynomial time

BQP: Bounded Error Quantum Polynomial time

https://research.google/blog/the-question-
of-quantum-supremacy/


https://research.google/blog/the-question-of-quantum-supremacy/
https://research.google/blog/the-question-of-quantum-supremacy/
https://doi.org/10.1038/s41586-019-1666-5

Quantum Algorithms

(not picked-up today)

Developing and applying quantum algorithms are essential

for realizing efficient calculation than classical

applications
* Deutsch algorithm (1985)
* Deutsch-Jozsa algorithm (1992)
» Shor’s algorithm & QuantumFT (1994) prime factorization
* Grover’s algorithm (1996) unstructured search

Quantum Algorithm Catalogue — see Quantum Algorithm Zoo

https://quantumalgorithmzoo.org/


https://quantumalgorithmzoo.org/

Quantum Computation: Hardware Implementation

[Hen23]

Present major hardwares for realizing quantum computation

G Supel‘CO.‘ndUCtOl‘S) very low-T, fast gate operation, low coherence time,
google, IBM, Rigetti limited connectivity
RIKEN+Fujitsu
- ion tra ps high coherence, high two-qubit gate fidelity, very high connectivity

IonQ, Quantinuum low operation speed, challenge for scaling

long coherence time, good scalability in 2D /3D, good connectivities,

neutral atoms challenge for higher two-qubit gate fidelities, low operation speed

Quﬁra, Pasqal, }tom

()

picked-up mostly toda
phOtOIIS good scalability, challenge to implement gate operation,

Xanadu, PsiQuantum, NTT

spins in semiconductors Pbased on semiconductor techniques, feasibility of scalability

Intel, Diraq has to be shown

RIKEN
256 qubits 8

google
65 qubits




Quantum Computation using Neutral Atoms: Overview

SLM: Spatial Light Modulator
AQOD: Acousto-Optic Deflector

SLM

PBS: Polarizing Beam Splitter

Vacuum , Dichroic &
system mirror F

A A

87Rb neutral atoms
in an optical lattice

106 atoms/mm3 =1 /10pum3

optical tweezer

spot size ~ Ium
moving success rate > 99%

velocity <0.55 um/ s

(preventing trap loss)

[Win23]

typical distance of traps ~ 3um
trap lifetime ~ 10-20 sec

0 or 1 atoms in an optical lattice site

(limited by the residual vacuum pressure)

Bell state fidelity
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Quantum Computation using Neutral Atoms: Overview

[Win23]
Atom . 4—\/\/\/\ Laser
— 5Py, o ”: :g
N == Absorbed momentum
of (L2 55, F=2
: N
E‘o . \ / Emitted momentum
5 X M .
S| | “coa , R cooled to a few uK
Mg, feid | || @ mmm > Net momentum transfer
(a) Pre-cool atoms via Doppler cooling. (b) Details of Doppler cooling.
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(c) Trap optically; detect filled lattice positions. (d) Perform sub-register re-arranging.
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(e) Apply computational gate sequence. (f) Read results via fluorescence imaging. 10




Realization of a Quantum Computer

has been criticized is various ways e.g. [Fuj20]
%; Rolf Landauer@IBM information is physical
‘ - (1929-1999)
®\ Q > kzT In2

Landauer was skeptical of new computer technologies, noting that most proposals gravely underestimated the difficulty in constructing a
viable device. Over the past 30 years, he wrote a series of articles pointing out deficiencies in various alternative computing proposals,
including quantum computation. When a researcher failed to pay adequate attention to his published admonitions, he would warn them in
person.

For example, he suggested that all papers on quantum computing should carry a footnote: “This proposal, like all proposals for quantum
computation, relies on speculative technology, does not in its current form take into account all possible sources of noise, unreliability and
manufacturing error, and probably will not work.”

quoted from Seth Lloyd, Nature 400, 720 (1999)

Bl Z1X, (R Landaver)iZ B2 Ea—% =BT 32 TOHLICOWT, UTFTDO LX) BEEZ ANEZXRELEFEL -,
FCORREIF, BTavEa—FICHlT 2D T XNTORE L FRRIC, FERMERMEZZEM 2R E LTws, 518
TEDMGRRGT T, HEOYHRICHEET 248k /4 X, Anatt, ShEEEXHFICEEINTE ST, 826  HE
WCHIFRFEB D ICIEEEL RWTH A9, |

Although the statement was exaggerated, it criticized the important weak point of the quantum
computer development.

Google 2023&2025 are a demonstration to answer to a part of the criticism by R. Landauer.
11
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Fault Tolerant Quantum Computation

Steps
Quantum Error Correction (QEC) of a physical qubit Google (2023-24)
sub-threshold scalability
QEC protected @ / of QEC protected memory
Encoding Information in n-qubits i logical qubits
stabilizer
& surface code

Universal Computing logical operators

v

Scaling for Practical Usage sub-threshold
v concatenation

magic state distillation/injection

braiding/lattice surgery

code distance

Creativity with #Qubit Mass Power 1



Qubit

13



qubit

bit = classical bit

A bit can take a value of either 0 or 1 (deterministic).

qubit = quantum bit

A qubit can take (complex) linear combination of |0 > and |1 > .

|y/>=a|0>+ﬁ|1>=<g> (a pure state)

a, f: complex numbers
- normalization: |a|*+ |8)* =1

- The global phase does not have observable effect.

|+>_|0>+|1> |_>_|0>—|1>
V2 V2
I4i> [0>+i|1> —i> 0> —i]1>
1> = - =

V2 V2

14



Bloch Sphere

Bloch sphere: qubit states mapped onto an r = 1 spherical surface [Fuj15]
ly >=al0>+fF]1>
0)

0 . 0
47 =cos—|0>+e?sin—|1>
2 2

= (sin @ cos ¢, sin @ sin ¢, cos )

((X).(Y).(2))

0: relative amplitude between the |0 > and | 1> components

¢: relative phase between the |¢ > and | 1> components

[+)
1) N .
A qubit state is mathematically analogous to the
polarization vector of a 1/2 spin system
Figure 1.1: The Bloch sphere. (with taking the phase | 0> as zero).

15



Density Matrix

density matrix: a more general description of quantum states
(instead of state kets)

For one qubit quantum states

1 qubit pure state |y > =a|0> + |1 >

can be expressed by a ket for an appropriate basis

mapped to a point on the Bloch Sphere

the origin: the maximally

. . mixed state
1 qubit mixture state

1
= (classical) probabilisitic mixture of states p=3 (I+b-0)

(statistical ensemble of states) b - Bloch vector

mapped to a point in the Bloch Sphere like a spin 1/2 polarization vector

For more general quantum states
p = Z pily; > <yl for an ensemble {p, |y; > }; [Nak24]
i

A density operator uniquely specifies a quantum state,
but its ensemble decomposition is generally not unique.

%The matrix elements of a density matrix depend on used basis. 16



Density Matrix

[Nak24]
[Ish12]
Density Matrix (=Density Operator)
is defined as a Hermitian operator p € 93(#’) that satisfies p > 0 and Tr[p] = 1.
p = 0: positive semidefinite
<v|p|lv>2>0for VveH
Tr[p] = 1: normalization of total probability
Expectation value: physical observation under the operator A (Born rule on probability)
<A>=Tr|Ap]
Purity: Tr [p?
| pure state:
E <Tr [pz] <1 d = dim(#): dimension < Tr [pz] =1
2 _
- The left equality holds for the completely mixed state = PEp

- The right equality holds for a pure state

Z: Hilbert space
BH)=1{A:H — F | Aislinear and bounded} 17



Density Matrix

[Ish12]

Probabilistic mixture of two density matrices: {p,1 — p; p;, P>}

p:=pp+U-=pp, (convex combination)

18



87Rb:

natural abundance: 27.839%
half life: 4.9x1010 year

g.s. spin-parity: 3/2°

Periodic Table

Rb i cnfolr
3 6 7/ 9
H86888

1 13 15 7
alkali metal 1

Ti Cu Zn |Ga | Ge | As | Se

22 30 31 32 33 34

Zr Cd Sn |Sb | Te
39 | 40 | 41 48 50 | 51| 52 | s

Pt Au Hg | Tl Pb i
80 81

[Blu22]

19



87Rb Atom Energy Diagram

70S,,
(Rydberg)

5P1/2

\581/2

m, = +1/2 \
ﬂ TYB/ZTI =24 MHz orbit radius ~0.2

m, = -1/2 6um
0+
1013 nm
o — e 420+1013 excitation
2 GHZI .................... to the Rydberg state

6.8 GHz 6.8 GHz = 28peV = 0.33 K
— I% |F =1, Mg = 0) Initialized to |0>w21 pumping

8Rb neutral atom Energy Diagram



1-Qubit Operations

21



1-qubit Operators

Pauli Operators: P
Hermitian: pf = p

_ <1 O> Unitary: PP =1

X*=Y'=7"=1I

[ai, aj] = die, 00 (injik = 1,2,3)

22



1-qubit Operators

Hadamard (H)
= L <1 1 > Hermitian: H" = H
. Unitary: H'H=1

V2
HXH =27
HZH" =X

Phase (S) Unitary: S'S=1

(:9)

S?=Z
SXST=Y
SYSt=—-Xx
SZST =7

T (z/8) matrix (T)

1
()
0 e+ 3



X

o 01
=1 o

Hermitian: X7 =X

Unitary: XX =1

Eigenvalues: +1

X|+>=]+>

: X eigenstates
X[0>=]1> - 1)
: bit-flip operator
X[1>=|0>

X|+i>=i|l-i>
X|—i>=—il+i>

—iX=R_(n)=e X
1
X=HZH = - §YS' = —17.Z]
l

24



1 O
ZEG3E<O _1>

Hermitian: 77 = 7
Unitary: Z'Z=1

Eigenvalues: +1

Z|0>=1]0>
: Z eigenstates
ZIl>=—|1> s
Zl+>=]|-> : phase-flip operator |1>
Zl—>=|+>
Zl+i>=|—-i>

Zl—-i>=|+i>

—iZ =R, (n) = e 37
1
Z=HXHT=SZST=?[X,Y] =S2=71
l

25



Hadamar Operator

)

Hermitian: "= H
Unitary: H'H=1

Eigenvalues: +1

H|O>=|4+>

action on X eigenstates
H|l>=|->
Hl+>=]|0> action on Z eigenstates
Hl->=|1>
. ir . exchange the x and z axes
H|4+i>=¢e4|—-1i>

ir (with flipping the y direction)
Hl—-i>=e"|+i>

—iH = R(X+Y) (JZ') = 6_2 V2
V2

1
H=—X+2)
V2

26



T (7/8) Operator

1
T= ( 0)
0 e+

Unitary: T'T =1

T|0>=1]0>
T|1>=e%|1>

X+Y
TXTT =
V2
Y—X
TYT = ——
V2
TZT =7

Il
%)
~
&
I
N

T = e%RZ (£> = e_%z T2

27



1-qubit Rotation Operator

All the 1-qubit operations (unitary) can be expressed 0)
as a rotation of the Bloch sphere

Rotation around the coordinate axes

R.(0) = e X
R,(0)=e%"
R.(9) = e 77
Rotation around the a = (a,, a,, a)axis e |‘1z ..................................
R, () = e—%(axX+ayY+ aZZ> P

Rotation with Euler angles

. : B .
U= ez(/ﬁe—l%Ze—sze—l%Z




1-qubit Basis

Z-basis states

Z|0>=|0>
X|0>=|1>

X-basis states

10>+ |1>

|+ > =
NG

X|+>=]|+>
Zl+>=|—->

conversion by H

H|IO>=|4+>

H|+>=]|0>

Z|1>=—-]1>
X|[1>=|0>
0> —|1>
| —> =
V2
X|l—=>=—-|->

Hil>=|->

H| -

>=1>

in Z basis

Z: phase-flip operator
X: bit-flip operator

in X basis

X: phase-flip operator
Z: bit-flip operator

29



11>

1 qubit Operators: diagrams

11>

ly > X Y Z

[
»

diagram: from left to right

ZYX |y >

—

operators: from right to left

B 194 Quantum Platferrs

Unitlad crou | Fde €1 View g

EEEEEE °
e
I3 I I 3 1
O

M
:

Visit IBM Quantum Platform:
https://quantum.cloud.ibm.com/

for designing quantum diagrams and
simulations with/without using a quantum
computer

30
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Neutral Atom: Rotation of a qubit in the Bloch Sphere

Raman transition by optical laser field (created by an overlap of two lasers) [Hen20]

rotation around the the axis @ = (Q cos ¢, Qsin ¢, 5) with the rotation vector @

H= g (Qcos¢p X+ Qsing Y +65Z) in the Bloch sphere

@: relative phase between the two lasers

€2: Rabi frequency (population oscillation I~ i)
between |0>and 1> o \/ laser intensity

7: laser pulse duration

0: laser frequency detuning (from the resonance)

X +y

5P o ¥

L VO 1180 GHz ]

¥ f ¥ §

795 nm 0 10 20 30 40
Raman pulse time (us) [Lev19]
[1)=|F=2,mg=0)
6.8 GHz =28peV =0.33 K
5S1/2

Initialized to | 0> by optical pumping

87Rb atom

31



2- (multiple-) Qubit Operations

32



Two qubit operation

Exclusive OR (XOR)

X=A®B

Controlled NOT (CNOT) : bit-flip the target if cis | 1>

|l//in >c l |w0ut >c= |l//1n >c

| l//in >t N | l//out >t

if |y, >.=10>_then |y, > = |y, >

if |y, >.= 1>, then |y, > =|1> for |y, > =]0>,
| Wou > = [0 >, for |ys, >, =1]1>,

N NS

N OO NS

A

_in_|_out

100>
01>
110>

111>
ct

100>
01>
111>

10>
ct

33



2 qubit Operators

Controlled-NOT (CNOT) = Controlled-X (CX) = A(X)
c l ) T Ay, (X)=10> <0 I+ 11> <1] X,
t D X 1000
o100
0001
0010
Controlled-Z (CZ) =A(Z)
c T A, Z)=10><0| . L+]|1><1]. Z
I - 100 0
t / lo10 o
1001 0
0 00 -1
Controlled-U (any unitary operator) =A(U)
¢ T A, (U)=10><0| L+|1><1]|U,
t U B I 0
R

34



3 qubit Operators

Toffoli gate (Controlled-Controlled-NOT) = A%(X)

Cl @ 5
A2 (X) = (1611(‘,2 ~ 1> < 1] 11> < 1|cz)1t
2 ® +1><1] [1><1] X]0><O0|L+]|1><1]X,
t D (1 000 0 O]
010000
_loo1000
000100
00 0O0O0°1
00001 0
Controlled-Controlled-Unitary = A%(U)
c
C2
t U

35



o—

Qubit Diagram Expansions

HZH =X

q

qTRE

U= e¢*AXBXC

with ABC =1

36



Quantum Gates are a Unitary Process

Quantum gates are, in a closed system, a unitary process and therefore reversible.

time >
ly > . U . ly'>=Uly >
« inverse operation
|y’ > + -1 ly >=U"|y' >
Uu'=U v v

37



Universal Quantum Gates

. . . . . [Nie00]
Any unltary operatlon can be approxnnated to arb1trary accuracCy using

ZNOT T
L —

T
= Universal Quantum Gates

implemented as single qubit rotation

CNOT can be implemented with CZ and H

CNOT H,CZ,H

CIU ) —HiH—

38



Implementation of CZ using Rydberg interaction

[Hen20]

m;=+1/2

[1B/2n =24 Mz orbit radius

m, =-1/2 ~0.26pm
S Rydberg
transition
o | vB/2m =24 MHz
6.8 GHZ‘

e T

Rydberg state
|r > y@@g |r > 2
D e 00 o -
o i o 27 (reee
P ) riim
1> === = s =
0> —¥ 4 0> —¥
control  target 5P,
|00 > — |00 > |01 > - — |01 >
shift ss
|r > e |r > O _~ @ AL \\
2 iy
en||r o enl||r
: §2Jt .
1> 1> —
10 > k2 10 >
|10 > - — |10 > [11 > —> — |11 >
g [Blu26]
,\599.6
10 0 0 1 0 §
_ E ~¢&- Normal
0 0 0 1 0 1 S o b
“0 200 400

Gate spacing (us)

Highest fidelity ~0.995

CZ CZ
PN
00>  -|00> 100> 00>
01> 01> 01> 01>
10>  -|10> 10>  |10>
> 1> > 11>

39



Entanglement

40



Bell State Generation

0>, — H O

A
10>, [ [ N [
a b C
10>,10>, 10>, + 1>, 10>,10>,+[1>,]1>,
10 >,
V2 V2
100 > |00 > + |10 > |00 >+ |11 >
V2 V2
[0>+|1>
= ®10 =
72 10> a Bell State
=|+>®[0> maximally entangled

=|+0> 2-qubit states 41



Bell State Generator

[ML]

_H . —_ I—
l — ) BSG
0 Bell States
> — I
|00 > + |11 >
=Pt >
05 BSG 7z |
1> — —— |00 > — |11 >
=D >
0> BSG - V2 |
10> — — |01 > + (10 >
= |Pt >
1| BSG | 72 |
11> — BSG |01 > — |10 > =y >
1> — S V2 B
42




Bell State Measurement

[ML]

H I
l — BSM BSM = (BSG)'

10> — — LT —— 0>

BSG | DT > BSM
10> — — — —— |0>
11> — — _ — — 1>

BSG | @™ > BSM
10> — — — —— 0>
10> — — N — — |0 >

BSG | > BSM
11> — — — — |1 >
11> — — — — 1>

BSG 1Y~ > BSM
1> — — — — [1>

43




Two qubit operation

Controlled NOT (CNOT): Classical Exclusive OR

=
| Win > I A
X=A®B
B
|l//in>t L |Wout>t

The control qubit after the operation looks useless. May we throw it away ?

— No

* Qubit operations are unitary:

— control qubit contains information to reverse the target qubit back to the initial value.

* Generally the control qubit after operation is entangled with the target qubit after operation.

Actually the control qubit after operation is quite useful.
44



Time Evolution of a Quantum System

in conventional quantum mechanics [Ish12]

Time evolution of a closed quantum system is described by a unitary operator, and is reversible.

Every unitary operator can be regarded as a possible time evolution.
time evolution of a quantum system <> a unitary operator  :1 to 1 correspondence

Time evolution operator U, := exp (—iH!) in a unitary operator.
time evolution of a ket : lw > - |y'>=Uly > |W>=UT|V/,>

time evolution of a density matrix: p — p' = UpU f p=U Tp/U

Measurement (Observation) of the eigenvalue of an projection operator P, is not reversible.

P: =P,
P,y > ) _ )
lw > - |¢,>= Pld >=alp > Reduction of Wave Packet
|Pa | W > | a a a
p—p = farPy_
Tr [Pap] a="Tr [Pap]

P,=|¢,> < ¢,|: projection operator to | ¢, >

https://nazology.kusuguru.co.jp/archives/107875#google vignette 4 5



Generalized Time Evolution

[Ish12]
SE
Time evolution of the closed total system SE R s
is not expressed by a unitary operator. :' S E E
; environment ]
pSE — U D SE U l E ( target system (measurement/ ,
: noise) .
However, if we only focus on a partial space S, \ mteraction :

the time evolution is not unitary. = tteeeeeeeeeeeeeeeeeeeeeeeeeeeaeaaa-
,DS — TI'E[,OSE] N p'S — TI.E[UPSEUT]

Try: partial trace with respect to the system E.

p>: reduced density operator of p°F

The map ® : p° — p° = ®(p>) is a CPTP (Complete Positive Trace Conserving) map.



Completely Positive Trace Conserving (CPTP) map

% also called TPCP [Ish12]

A CPTP map is a map that satisfies the following three conditions.
Linearity:

D(ap, + bp,) = a®(p)) + bD(p,)

Complete Positive: for any ancillary system A

(I, @ D)p) >0 Vp >0 probability = positive semidefinite

Trace Preserving;

robability conservation
Tr(®(p)) = Tr(p) P Y

{} equivalent

Kraus representation

There exists a set of operators that satisfies
©(p) = D EupE]

ZE,jEkI; I
k

47




CPTP map: an example

[+ >,

N

A

|00 >

ct _

)
co o~
cococo
cococo

S O OO

10> —H T environment
|0 >,

b

|00 > + |10 >

\/5

1
Lo
2 |1
0

=N}

10
00
10
00

linear combination
of 10>and |1> forc

c

100> + |11 >

NG

| -
—_0 O -
S O OO
SO OO
—_—_0 O =

Bell state

[Ish12]

CPTP map
= partial trace

L1 0
t=T cr —
pr=1rlp"] 2(0 1)

probabilistic mixture of
10>: 50% and |1>: 50%

48



CPTP map: an example

[Ish12]

/.. outcome =0 or 1

|0>C_H l /7\

|0 >,

|W>t

outcome =0 (50%) |y >, =|0>,

outcome =1 (50%) |y >, =|1>,

X: outcome =0 or 1

|O>C_H l /7\

|0 >,

outcome =0 (50%) |w >, = |+ >,

outcome =1 (50%) |y >, =|—>,

49



Generalized Measurement

[Nie00]
Positive Operator Value Measurement (POVM)

Collection of measurement operators {Mm} for measurement outcome m

E >0 < <yl|E, |ly>2>20V|y > (positive semidefinite)

Probability of getting m by the measurement: p(m)

pim)=<y|E,|y > p(m) =Tr |E,p|
The state after the measurement:
M > M pM!
ly > = |y’ > = |V pop =
v <WIE,lw> Tr |[E,p]

Completeness:

YE,=1 < Y pm=I
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Entanglements as Resource

Quantum Communication

Entanglements are resource for communication.

Communication is realized by consuming entanglements.

Quantum Computation

Entanglements are resource for computing.

Computation is realized by consuming entanglements.
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Quantum Communication/Quantum Channel

Entanglement Distribution (ED)
Quantum Teleportation (QT)

Superdense Coding (SDC)

Entanglement Swapping

M
oRNWARUON®

12 14 q
5.5 WM"YV —2 Ro=(go=38,co=8,e0=5) PHMWT, /4 XL A%ilfE7 1 b
INTEMTRER ) YV — A, ROFEOFEIRNIZH 2 HADY) v — 2B
XIS TH Y, FUROINIH D H~ADY) Y — ABBIIAIETH 5. ED It
LYy TNVAY MR Z, SDC IXEEEIEN 7%, QT I3htT7F LK —7—

varvaEyT., ToERAL L,

oDy b 7O baANIEBRETHEL
LR —-HMERIES 5.

[Nak24]
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Quantum Teleportation

[Nie0O0]
M,,=0orl
My >
:
Quantum Teleportation of |y > from Alice to Bob. SN , - measurement in Z basis

a: Alice and Bob shares an entanglement pair. : classical bit communication
Alice has a qubit state | [y > = a|0 > + |1 > > without knowing the a and f values.

b: Alice did operation between |y > and the entangled qubit.

Alice got the eigenvalues of M, and M, by measuring the two qubits in the Z basis.
The entanglement has been consumed.

c: Alice sent to Bob the M| and M, values with a classical bit communication.

Bob got |y > = a|0 > + f| 1 > using the entangled qubit applying operations depending on M, and M, .
Bob has |y > but does not know the a and S values.

LOCC: Local Operations and Classical Communication 53



Quantum Teleportation

Alice [Nie00]
i .
Ly > :
- v A Z:M, ,
; BSM : M,,=0orl
0> — ' 2
. | N T
foIIIIlil BSGIpoIoIIIIIIIIIIIIIIIIIII I | ,
10> — XM= ZM =y >
Bob T T T
a b C
Quantum Teleportation of |y > from Alice to Bob. x| measurement in Z basis
7"

: classical bit communication

a: Alice and Bob shares an entanglement pair.
Alice has a qubit state | [y > = a|0 > + |1 > > without knowing the a and f values.

b: Alice did operation between |y > and the entangled qubit.
Alice got the eigenvalues of M, and M, by measuring the two qubits in the Z basis.

The entanglement has been consumed.

c: Alice sent to Bob the M| and M, values with a classical bit communication.
Bob got |y > = a|0 > + f| 1 > using the entangled qubit applying operations depending on M, and M, .

Bob has |y > but does not know the a and S values.

LOCC: Local Operations and Classical Communication 54



Entanglement Swapping

Alice [Nie00]
E|W> _ \|(D_> E
I::::::::::::B.S'(;::Q:::::::::::::::::::::::::.: """"""""" ' \

0> — / N :

| D™ >
quantum
transportation

[y >

Charlie T T T
a b

Swapping entanglement between Alice and Bob to Alice and Charlie (by Bob and Charlie).

a: Alice and Bob shares an entanglement pair |®~ > .

b: Bob sent toCharlie his entangled qubit by quantum teleportation.

c: Alice’s qubit and Charlie’s qubit are entangled even though Alice did nothing.

Even operation by gates can be teleported by the quantum teleportation. 55



Measurement-Based Quantum Computation (QBQC)

[Fuj15]
|y > T VAN XM, Ul
|0 > u
ancilla( j (X,Z))"2(X,Z,)" ) N (Z2)H Hy [y, > [yn >
|0 > ’

~CZ of |y, > and |y, >

|y, > l NS _
f ! f !
b c

a

2-qubit operation with ancilla qubits and measurements

a: Prepare 2 ancilla qubits in addition to |y; > and |y, > .

b: Produce entanglements (operation in space).

c: Measure qubits: consumption of entanglement .

d: Get results applying the measured outcomes (feed-forward) .

Even operation by gates can be teleported by the quantum teleportation.

Calculation in Space < Calculation in Time

quantum computation classical computation 56




Quantum Error Correction
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Quantum Error Correction (QEC)

A qubit is intrinsically an “analogue” object. It is fragile for noises originating from interaction
with environment.

ly >=al|0>+p|1>

Error correction is necessary to realize quantum computation:
— Quantum Error Correction (QEC) ¥4 b iT1F

environment

noise
error detection |
. —_— .
a qubit < i error correction

recovery

Concept of Error Correction 58



QEC: Difficulties

[Nie00]

QEC Difficulties at a level of preserving one qubit information Chap. 10

e No cloning theory

It is impossible to “clone” a quit information (strictly forbidden by quantum mechanics)

|y >—

|0 > —

— |y >
— |y >

difficulty in using majority vote among clones for correcting errors

e Errors are continuous

requires very (infinitesimally) precise detection and correction.

* Measurement destroys quantum information

difficulty in detection and correction of an error

Despite the difficulties, QEC is realizable exploiting quantum mechanical effects!
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Fault Tolerant Quantum Computation

- A qubit is an “analogue” object and is fragile for noises (interaction with environments)

The noise effect is intrinsically “analogue”. ly >=al0>+/p[1>

- The noise can take place at various part of the quantum circuit including the part of QEC and

measurement.

- The qubit operation must proceed with protecting the qubit information by QEC.

- Does the error rate really decrease with scaling the system size (scalability) ?

environment

noise
error detection |
. —_— .
a qubit < i error correction

recover

Concept of Error Correction 60



Fault Tolerant Quantum Computation

Quantum Calculation

......................................

1nitialization

transportation

encoding

qubit operations

decoding :
:| error detection
measurement '
i calculation
/ '
i | correction
output '
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Fault Tolerant Quantum Computation

Quantum Calculation

initialization transportation
encoding qubit operations ‘/_/
Error Correction
decoding ‘/—/
.| error detection |4
measurement ' 4/—/
calculation =

> =1

correction
output
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Fault Tolerant Quantum Computation

Quantum Calculation

initialization f i |transportation

qubit operations ‘/_/

Error Correction ‘/_/
decoding ‘/—/

encoding

error detection initialization

measurement

J ) ",
calculation —— qubit calc. ,|*

correction measurement | «——
output

Realization of reliable quantum computation and scalability! 63



Encoding
Information is embedded in qubits according to a certain rule.

< decoding

A subspace (code space) of the entire state space of qubits is used for the encoding.

— error detection and recovery (correction).

state space of n-qubits

~

64



example code: 3-qubit bit flip

3-qubit bit flip code

al0>+p|1> * N\
|0 > (IU | Wy > = 000 > + | 111 >
10 > b /
|y, > = a|000 > + £|100 >
in code space: 1000 >, 111 > “oat” states e 07 S0t signete
out of code space: |100 >, |101 >, [110 >, |001 >, |010 >, [O11 >

By a bit flip error X, the state changes to

Xl X2 X3
|000 > — |100> [010> |0O1 >
|111 > — |[011> |[101 > |[110>

65



Syndrome Measurement

By a bit flip error X; eigenvalues
AV Z,Z, recoverable by
|000 > +1 +1 I
X, - [100 > -1 +1 X
X, —- [010 > -1 -1 X5
X; — |001 > +1 —1 X3
| 111 > +1 +1 I
X, — 011 > ~1 +1 X,
X, - |101 > —1 -1 X,
X = |110> -1 X,
measurement by Z,Z, and Z,Z5 : Syndrome Measurements
eigenvalue of Z,Z, and Z,Z5 : Error Syndrome

A single bit flip error is detected by the syndrome measurements.
The operator for the recovery is identified from the obtained error syndrome.
The initial state is perfectly (not approximately) recoverable by the identified operator.

The Z,Z, and Z,Z; measurements are similar to parity check or even/odd check of the number of |1> state. 66



Syndrome Measurement

For a continuous error by X;

A

ly > — exp™t|y >
0 .. 0
=coszlj|1// > +zsm5Xj|1// >

by measuring the syndrome operators including Z;

outcome=0 — |y > with the probability: cos? >

0
outcome=1 — X;|y > with the probability: sin* 5

thus

if the outcome is 0, the state after measurement is |y >

if the outcome is 1, the state after measurement is
and after applying X;, |y > is obtained.

A continuous error has been perfectly (not approximately) corrected!

The procedure exploits the property that the state after measurement is projected to an

eigenstate of the Syndrome operator.
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Syndrome Measurement: Recovery

ancilla

3-qubit
bit flip code

(Z2,Z,)
|10 > Hi—oo H N
(2223) m Z: M,
10 > H *—o— 1] 7N
Z:M,
R My, M,) = (1,0)
/ — . ® X
a l?1t 9 (M, M,) = (1,1)
error g
(M, My) = (0,1)
\ — o X

The eigenvalue for the stabilizer operators Z,Z, and Z,Z, are extracted
by the Hadamard Test.

N\

/
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Shor 9- qubit Code

Peter Shor 1995

qubit having information
to be encoded ~ ) . I l . \

10) D

10) S

0) — H /L *

0) N7 V)L , ..

qubits containing
)

0) N the encoded information

10) D H LL ?

10) D

0) S” /

T |

encoding for  encoding for
bit flip X; phase flip Z;

recoverable for all the 1-bit error of X, Z, and XZ
69



Quantum Error Correction

Interaction of a qubit with noise [Ish12]
SE

E , SE "o’ 'x“

p> = Trgp>F] = p° = Trg[Up** U] g E :

CPTP map & : ,OS —>pP 5= CI)(pS) E ( a qubit noise E

assuming an initially uncorrelated state ) . :

Psg = Ps @ pg -“ Interaction ':

------------------------------------

Kraus representation
®(p) = ), Epk

k
Y EE =1
k
Each E; (1-qubit error) is expanded as

An error is expanded to a set of discrete errors: X, Z, andXZ .
X : bit-flip error
Z : phase-flip error
XZ : both



Steane 7-qubit Code

Andrew Steane 1996
/(—Hio H—y N
I Steane Code
ancilla |0 >% H * H 72N
| V elpced
\ H —H N b s -
2 S?_’ )S)Z(ZZZ&
/ X 7 \.  ~ classical hamming code
- I geometrical representation
XAX Z
XHXHX Z
ly > XX Z lw >
X Z
XHX Z
\ X Z /
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Stabilizer

72



Stabilizer Formalism

[Got97] Gottesmann’97
https://arxiv.org/abs/quant-ph/9705052

For n-qubit Pauli group &, :
P =

n-

(1, £} x{LX,Y,Z)®"
A Stabilizer group & is an Abelian subgroup of the n-qubit Pauli group:
S = {Si eP | —-1¢& SandVSi,Sj, [SIS]] = O}
A Stabilizer generator: &,
S=<,>
A stabilizer code is the simultaneous +1 eigenspace of an Abelian subgroup &'.
'S € S, Sl > = |y >
< VSZ € CS)g,Sill//L > = |WL >
A stabilizer state is uniquely specified by n independent stabilizers.

73
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Stabilizer: Example

Example state: |y > with 7 qubits B [Fuj15]
| + > ]|
| + > l_._‘ H
0> —& < 4]
[+ > —¢ : o[ — |w>
10 > SVAANY |H
0> Db ]
10> < -1

Ket representation of the state |y >

|y >= (10000000 > + 1010101 > + [0110011 > + | 1100110 >
+]0001111 > + | 1011010 > + 0111100 > + | 1101001 >
+|1111111 > + [0101010 > + | 1001100 > + | 0011001 >
+] 1110000 > + 0100101 > + [ 1000011 > + [0010110 > )/4

o : ~ 2" kets for large n
Stabilizer representation of the state |y >

\w > {ZIZIZIZ,1ZZ11ZZ, 11177277, XX X111, XXIXXII, IXIXIXI, XIIXIIX}
n independent stabilizer generators uniquely specify an n-qubit stabilizer state.

much more efficient!
%The stabilizer group is unique, but its choice of generators is not unique. 74



Stabilizer Formalism

[Fuj15]
[Heisenberg] [Schrodinger]
(S;) < > |U)
Sz|‘I’> - |\I’>
| v |V
S'=USU' (S;) « > |U') = U|)
Si|¥') = [¥')

analogous to “Schrodinger representation”

Time evolution: applying a unitary operator to kets
lw'>=Uly >

analogous to “Heisenberg representation”

Time evolution: applying a unitary operator to stabilizers

/— f
S! = USU
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Stabilizer: Propagation Rules

Stabilizer Propagation Rules

X -7 X->Y
/- X /- 7/
5]
X - X
- X X $ - X
correlate commute
X - X -7
- 7/ X - X
correlate correlate

[Fuj15]

— 7 Z — 7
Z — 7/ $
correlate commute
7 — 7
D SN S
commute commute



Stabilizer: Propagation Example

I —H l — 7
7 4 w—) Y4 7
Initial State Stabilizer = {Z1, 17} |y, > =100 >
1
Final State Stabilizer = {XX, ZZ) | Wour > = 7 (100> + 11> )

XX | Wou > = [ Wou >
ZZ | Wout > = | Woue >



Stabilizer: Pauli Measurement Rule

[Fuj15]

Pauli operator (P) measurement of a stabilizer state:

(1) if P commutes with all the stabilizer generators

Either P or —P is an element in the stabilizer group.
If P(—P) is an element, eigenvalue is 1(—1) with unit probability.
The stabilizers group do not change after the measurement.

(i1) if P anti-commutes with one or more stabilizer generators

The measurement outcome is m = * 1 with the equal probability.

Remove the stabilizers that anti-commutes with P.

Add (—1)"P depending on the measurement outcome 1.
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Stabilizer: Pauli Measurement Example

Z1 outcome: m

stabilizers {X1X2, lez} > : ( |00 > + |11 > )
2

commutation of Z; with stabilizers

(X1X5)Z) = = Z(X1 X))
(Z12))2, = 2,(2,2,)

by Z; measurement,

outcome: stabilizer after measurement:
50% m=+1 {2,,2,2,} — [00>
50% m=-1 {-2,,2,Z,} —  |11>
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Logical Operator

[Got97] Gottesmann’97
https://arxiv.org/abs/quant-ph/9705052

Logical Operator L

L is a n-qubit Pauli operator that commutes with all the stabilizers but not contained in the
stabilizer group.

LLe %, L&S,[LS]=0VSed

k = n — r pairs of independent logical operators can be defined for a n-qubit
system with r independent stabilizers.

For example, if n — 1 stabilizers are defined,

A pair of logical operators, X; and Z;, can be defined satisfying
X7, =—-7, X,
with corresponding logical states |0, > and | 1; >
Z; 10, >=10, > X |0, >=|1,>
Z |1, >=—11; > X 11, >=10,> 80
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Surface Code
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Fault Tolerant Quantum Computation

Steps
Quantum Error Correction (QEC) of a physical qubit Google (2023-24)
sub-threshold scalability
QEC protected & / of QEC protected memory
Encoding Information in n-qubits i logical qubits
stabilizer
@ surface code

Universal Computing logical operators

v

Scaling for Practical Usage sub-threshold
v concatenation

magic state distillation/injection

braiding/lattice surgery

code distance
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Magic State Injection

1-bt quantum teleportation by Gate Teleportation [Fuj20]
lw > D =y
| + > X ly >
T injection
v > ”\f N
| +> XAT— |y >
ly > ”1') NI
[ +> T SX— |y >
ly > j“ ar
|+> r SX—— |y >
N
> T A X requires a clean T | + > state
= magic states
T+ > SX Iy > .




Magic State Distillation

For getting a pure magic state

A=e s
|A>=A|+>
|+ > l_‘_R_O\
A& AT— N
error detections
A—®— AT P N
|A >®1
noisy
D + any
states A A I A
| + > |A >,
distilled
The process is repeated hierarchically when no error detected
(p? reduction by a layer)

Production of distilled state for 7 requires large qubit resources (70~95%)
— T factory (next problem to be solved for scaling) 84



Surface Code

bit
Plaquette AU

L 4 L 4 L L 4 L L 4 L 4 L 4 L 4 L 4 L 4 o
® ® ® [ ] [ ] ® [ ] ® ® [ ] [ ] [ ] [ ]
L 4 L 4 L4 L 4 L4 L L 4 L 4 L4 L4 o

L 4 L 4 \ L 4 \ 4 L 4 L L4 L L 4 @ L 4 L 4 o
® [ ] ® [ [ ] [ ] [ ] [ ] ® [ ] [ ] [ ] [ [ ] [
® L ® L @ L @ L @ & @ ® L o

® ® ® @ ® ® \ 4 ® ® ® \ 4 ® ® ®
[ ] [ [ ] [ ] [ ] [ ] [ ] ® [ ] [ ] ® [ ] [ ] [ ] [ ]
® L ® L L L L L @ L L @ L |
® ® [ ] [ ] ® ® ® ® [ ] ® [ ] [ ] [ ] [ ] [ ]
L 4 L 4 \ L4 \ L4 L 4 L4 @ L 4 L 4 L 4 @ o
[ ] [ ] ® [ ® [ ] ® [ ] [ ] [ ] [ ] [ ] [ [ ] [
® @ ® L L L @ L L L 4 L ® L |
[ ] ® ® ® ® ® ® ® ® ® ® [ ] [ ] [ 4
L L ® L ® L L L L ® L L L ®*—

Schematic bulk picture; boundary stabilizers are omitted. 85



Surface Code

qubits

4 @ @ T T T @ L 4 4 L 4 4 \ 4 L 4 o
[ L J  J L J  J L ®  J ®  J ®  J ®
@ L 4 4 L 4 4 L 4 @ L 4 L 4 o
[ L J  J @ ® o ® ® 1 4 ®
Pla Tue}te{
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[ J L ] L J L ] l L ] L o L { ] 1 ® { ]
L4 @ @ L 4 4 L 4 4 L 4 L 4 L4 L 4 L 4 L4 o
[ L J  J L J  J o  J L 4 ® L ®  J ® 4 ®
L4 L 4 \ 4 L 4 \ 4 L 4 L 4 L4 L 4 ® L 4 o
[ L 4 4 @ 4 @ T ® 4 ® 1 4 ®
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[ @ { ] { { ] @ { ] o { ] { ] @ { ® { 4 ®
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Schematic bulk picture; boundary stabilizers are omitted. 86



Surface Code

Stabilizer: X X,X.X,,7,2,7:7,, ...

4 @ L4 4 L 4 4 @ 4 L 4 L 4 o
[ ] L J ] L J ® ] L J L ] ]
@ @ ® ® ® ® ® ® ¢ L 4 o
[ ]  J ] L 4 4 ] L 4 4 ]
4 4 L4 4 @ 4 L4 4 L 4 L 4 o
[ ] ] ] { ] L J  J ® { ] 1 J 1
L4 4 L4 4 L4 ® L4 ® L 4 L 4 o
[ ]  J ]  J ] L J ] T 4 ] L J  J . ]
L4 ® ® L4 \ 4 ® L 4 L4 L4 ® L 4 o
[ ] L 4 4 @ 4 @ 4 L 4 4 |  J
L4 4 \ 4 L4 \ 4 1—‘ L4 4 L 4 L 4 o
[ ] L ] ] ] ] { ] ] L J { ] L ® { ]
® ® ® ® L4 ® ® L4
[ ] 4 ] 4 ] 4 ] L 4 ] 4 4 |  J
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[ ] ] ] ] ] { J ] { J { J  J L 4 { { 4 ® { ]
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Schematic bulk picture; boundary stabilizers are omitted. 87



Surface Code

4 @ \ 4 L 4 \ 4 L4 4 L 4 4 @ 4 L 4 L 4 o
[ ] L J ]  J ] L J ] L J ® ] L J L ] ]
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[ ]  J ] 4 ] L 4 ] L 4 4 L J L 4 4 ]
4 4 \ 4 L 4 4 L4 4 @ 4 L4 4 L 4 L 4 o
[ ] ] ] ] { ] ] { ] L J  J ® 1 4 1 J 1 ]
L4 4 \ 4 ® \ 4 L4 ® L 4 L 4 o
[ ]  J ]  J ] L J L J  J . ]
L4 ® ® L4 \ 4 L4 L4 ® L 4 o
[ ] L 4 4 @ 4 L 4 4 |  J
L4 4 \ 4 L4 \ 4 L4 4 L 4 L 4 o
[ ] L ] ] ] ] ] L J { ] L ® { ]
® ® ® ® ® L4
[ ] 4 ] 4 ] L J 4 4 |  J
® L 4 ® L4 4 L4 4 L4 L 4 L4 L 4 ® L 4 |
[ ] ] ] ] ] { ] ] { ] L J ] L J { ] { { ] { ]
L4 @ ® ® ® L4 ® L4 ® ® @ ¢ L 4 o
[ ] ] ] ] ] { J ] { J { J  J L 4 { { 4 ® { ]
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Surface Code

[S,S1#0

4 @ \ 4 L 4 \ 4 L4 4 L 4 4 @ 4 L 4 L 4 o
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@ @ ® ® ® ® ® ® ® ® ® ¢ L 4 o
[ ]  J ] 4 ] L 4 ] L 4 4 L J L 4 4 ]
4 4 \ 4 L 4 4 L4 4 @ 4 L4 4 L 4 L 4 o
[ ] ] ] ] 1 J 1 ]
L4 4 \ 4 ® L 4 L 4 o
[ ]  J ]  J ]  J . ]
L4 ® ® L4 ® L 4 o
[ ] ] 4 @ 4 4 |  J
L4 4 \ 4 L4 L 4 L 4 o
[ ] L ] ] ] ] L ® { ]
® ® L4
[ ] 4 ] 4 ] 4 |  J
® L 4 ® L4 4 L4 4 L4 L 4 L4 L 4 ® L 4 |
[ ] ] ] ] ] { ] ] { ] L J ] L J { ] { { ] { ]
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Surface Code

/
Se<%>
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Schematic bulk picture; boundary stabilizers are omitted. 90



Surface Code

Schematic bulk picture; boundary stabilizers are omitted. 91



Code Distance

Code distance

Minimum number of Pauli operators contained in all the possible
representations of logical operators.

x O
-

l_3‘,<>><O <@
S

290 >
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Toric Code

Toric Code: Alexei Kitaev 1997  [Blu22]

Surface code
@ Data qubit
® Ancilla
[ Toric code (on a torus)
Z star
Z
X,
[}
- =
()]
=}
o
o
o
X
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Neutral Atom Architecture

a Fault-tolerant [Blu25]
processing Architecture N

- & @ 3 W Wk g - i | . . % % . L
Fault-tolerant gates R B G0 I A S D S~ S (52 A N (UL Sl S X/z
E |. . - - - - - o 4 - 4+ . ‘. - . ’
- - - - . - K
g % P LD > ‘%. 8 &5 3. % 4 2 .
[ 2 - - - - . - . - - - - -
- . - - . * . . . - . . 1 - S - "
. " L] . B
r ®» . & 4 .
" - . - v
Below threshold s ' 4 2 . .
A - > . * g
' ® .0 .¢ M .
d - v - - . o || - . . » a . a . . a v . ’
* o - - - - - J .J - - - 1 - - 4 - ‘ ‘ 3 . . - o
Decoding g’ - - > - - = j * L - - . - - - i
= - - - - - . - . N . - . - .
_ g’ A N e d =5 surface code @ Data © Ancilla
Physical error = = y o
removal Lu Ld - - - - - - - . » 1 - . Ed . . d
® - - - - - - - » . - - - . . ~ - I
‘g- / . . 4 . - » * - . . . - . . - - .
b v - Transversal ’ T S 0
t L e L I e I R O L T I T e T A ) i .....
:§ L S R N R I I TR N ST S S T R R U R BT ] g 0020 ¥... T
Arbitrary Unitaries § N R D I R I B g * e, =
I L e DR R TN A S I .
.‘6' P R P :-|+ e o. 0-|o . ‘Jﬂ F Ao § .."'-, 'v
L T T I S N T S T T S N - . e
E L L B I I O R I S B U I SR R A : LR 5 0'010
w 2 A0 MR E P aPL A AL SR R0 & FH I ]
m L I L R REE L I TR R U S S R U N B R R '% '._..
9 {) Bare MLE, r=1.24(5) ",
— — B Bare ML, r=1.51(6)
. . . K 0.005 {-¥- MLE with loss, r = 1.69(8)
o 2 Physical Logical Logical Physical @ ML with loss, r = 2.14(13)
c g entanglement  entanglement magic entropy 3 5
>‘ - —
_' .
g i /A‘ . : : : : Code distance d
c 9 l XXX
) g “/' oo oo : ; ;
‘V ceeee most likely (MLE) machine learning (ML)

loss: correction with atom loss information 94



Construction of a Toric code

[Blu22]

c Toric code (on a torus)

0
0 us
A
d
1.0
» 08 '. ; 1 y > ~100 um
?; 06 °
2 11, @
é} 04 §1.0 w ® P 3 . 2
02{ 2%® ®
20873 10
[ o 0 @ ©
velocity <0.55 um/ s
(due to trap loss) (@) (@) (@D) (D) v 95



Typical Values

Parameter Typical values today (near Future)
Qubits
Amount ~ 100 [20, 21, 22, 23] (~ 1000 for 2024 [44, 45])

Connectivity
Multiple states (i.e., qudit)

10:1—20:1[20], (50 : 1—100 : 1 possible in principle)
In principle possible

Lifetimes and Decoherence times

Trap lifetime

Decoherence times (electronic spin)

Decoherence times (nuclear spin)

10—60s [29, 22, 30, 23] (up to 6000 s with cryostat [39])
Ty ~4s, Ty ~ 15, T ~ 4ms [21, 22]
Ty > 5s, Ty ~ 405, T3 > 35 [23]

Native gates (gg-qubits)
List of gates

>2-qubit gates:

Parallelism

Single-qubit rotations, CZ — CNOT [20, 38], SWAR,
CPHASE [37]

CCZ — Toffoli /CCNOT [20, 38], C,Z, generalisation
to k control qubits [37]

Apply the same gate on multiple Qubits simultaneously:
Single-qubit rotations, CZ [21] (Multiple gates on mul-
tiple Qubits)

Fidelities of operations
1-qubit gate

2-qubit gate

Readout

Preparation

0.996 — 0.999 [21, 22]

0.955 — 0.995 [38, 22, 42]

> 0.95 [46]

Trap occupation probability (after rearrange-
ment): 0.988 [47]

Success probability for defect-free array ~ 0.75, depend-
ing on size of array [47]

Execution times

1-qubit gate

2-qubit gate

Preparation (incl. rearrangement)
Readout

~ 2 ps (m-pulse) [21]

~ 400ns (CZ) [21, 38]

~ 400 ms [47]

~ 10ms for fluorescence imaging [46], ( ~ 6 us using a
collective readout scheme) [46]

Installation and operation
Required infrastructure

Calibration

Specificity
Access
Quantum computing paradigm

Vacuum cell and pumps, lasers, optical elements, mi-
crowave sources, signal generators and modulators, mag-
netic field coils. Cooling the setup with a cryostat can
improve vacuum quality and increase trap lifetimes [39].
(Rack-level implementation possible [48])
Rearrangement at beginning, no calibration of individual
qubits necessary

Shuttling operations [21]

Via the cloud [49, 50] and on-premise

Gate-based (digital) quantum computing, digital-
analogue quantum computing, quantum annealing, ana-
logue quantum simulation

[Win23]



Threshold Theorem

b— [Fow12]
d+1 (a) Simulation
2 o 107 1 [Goo24]
gd e § 10'2; =5
Pthr g :
< 10 L g=11
g : d=15
2 107 p ——d=25 |
. = F : E
;. logical error rate | p A .
105 Pini  ——d=55
p: error rate in a physical operation o0 1o 1072

P threshold error rate (depending on the code)

d: code distance

The logical error rate can be exponentially decreased by increasing the code
distance, provided a physical error rate below a certain threshold.

target logical error rate ~ 10712
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Surface Code

[Fow12]
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Surface Code

[Fow12]

1

x
o
>
<@
>»Pho

x W
o8

x
>

!! x.x!x.x
>
O
x
x O > Pyt

=
Y
x @ X<
N x
N»PO

of

O X®OxOxXx@xX0O x@0x0O x@x<x0O <@ x0
x
O
x

X
O
x
O X @ X
x

similarity with “Go”?

99



Surface Code

[Fuj15]
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(a) Z(2D) [Fujts]
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Lattice Surgery

[Dom13]

qubit 1 e
XX ‘
ancilla | + )~ - “/7\ » =
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qubit 2 - ——
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qubitl

qubit2
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Lattice Surgery

[Lit19]
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— —— m)

Figure 19: 176-tile block that can be used for 225-to-1 distillation. The qubits highlighted in red are used for the second level of
the distillation protocol. The blue ancilla is used to move level-1 magic states into the two |m)-|0) blocks of the level-2 distillation.
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Results
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Google A1 2023
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Google AI 2025

[Goo25]
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Google AI 2025
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Google AI 2025
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R5A2048 Encryption

Craig Gidney and Martin Ekera
arXiv:1905.09749 [quant-ph]

How to factor 2048 bit RSA integer in 8 hours using 2 X 107 noisy qubits

How many qubits for computation: 14,238
How many qubits for QEC: 722 325 184
Cost of a single entangling gate: 2 qubits and ~100 ns

Cost of a single entangling gate with QEC: 2,925 qubits and ~27,000 ns

39,339 qubit initialization
39,339 measurements

153,090 CNOTS

Assumptions: time of a logical joint measurements with surface code
with d = 27 and time per measurement round ~ 1usec.

) 10
required number of T gate ~ 10 IPAM lecture at UCLA by Dr Nicolas Delfosse

https://www.youtube.com/watch?v=zCiavaob8yo&t=3668s 109


https://arxiv.org/abs/1905.09749
https://www.youtube.com/watch?v=zCiavaob8yo&t=3668s

Connection to Other Fields

AdS/CFT and Holography
Holographic QCD
Quantum Gravity
Topological insulator
Tensor network

Computational Complexity

MIP*=RE Theorem (2020)
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Personal Statements as a Summary

e Realization of FTQC for practical usage is still far away.

* Nevertheless, the conceptual and technical developments are very interesting.

For the nuclear physics field....
* introduction of the concept of generalized time evolution, generalized
measurement, and stabilizer, ...

 adaption of nuclei to quantum computing (would be difficult)

e measuring nuclear excited states for finding answers to specific
calculation? (provided precise Hamiltonian and physics models)
analogy to observing stellar objects for astrophysics

Much more to learn

%zéﬂm W/MW atfention!
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Hermitian / Projection / Unitary Operators

[Nak24]

Hermitian Operators

An operator O € JB(¥ ) that satisfies O = O

(Orthogonal) Projection Operators

A Hermitian operator I1 € AB(#’) that satisfies M =1

Unitary Operators

An operator U € B(#') that satisfies U "TU=U0U"=1

Unitary Group: U(%) = {U - | Uu=vUi= 1}

7 Hilbert space
B(FH)={A: H — F | Aislinear and bounded} 115



1,n-Pauli Operators/Groups

1-qubit Pauli Operators

Provided a normalized orthogonal basis { |0 >, |1 > } on a two dimensional
Hilbert space C?, the following operators

0p=10><0>+|1><1>
o=X=|0><1>+[|1><0>
o=Y=—i|l0><1>4+i|ll><0>
0=2Z=|0><0>—-|1><1>

are called 1-qubit Puli operators.
Inthe { |0 >,|1 > } representation

G0 () =03 =62
1-qubit Pauli Group (P,): the group generated” by 1-qubit Pauli operators.
n-qubit Pauli operators: ¢ = éajm forj=j,...j, € {0,1,2,3}"

n-qubit Pauli Group (P,): thr?group generated by n = qubit Pauli operators.

* all the operators that are represented by any number of products of the generator operators.

[Nak24]
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Clitford Group

[Nak24]

n-qubit Clifford Group
A group defined as
C,:={CeUC*»® :CPC'eP,VPEP, |

A group of unitary operators that preserves the n-qubit Pauli group
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1 Qubit Operations
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1 qubit Operators

Pauli Operators: P

Hermitian: pt = p
10 . :
Unitary: P'P =1

X =Yy*=27*=1
[a,., o-j] = die, 400 (Gjok = 1,2,3)
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1 qubit Operators

Hadamard (H)

_ (1
- \/5 1 =1 Hermitian: "= H

Unitary: H'H=1
HXH'=7Z
HZH =X

Phase ()

S2=7 Unitary: S'S=1

120



1 qubit Operators

T (z/8) matrix (T)

(1 O
r'= 0 o7 Unitary: T'T =1

121



X

o 01
=1 o

Hermitian: X7 =X

Unitary: XX =1

Eigenvalues: +1

X|+>=]+>

: X eigenstates
X[0>=]1> - 1)
: bit-flip operator
X[1>=|0>

X|+i>=i|l-i>
X|—i>=—il+i>

—iX=R_(n)=e X
1
X=HZH = - §YS' = —17.Z]
l
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Hermitian: y' =y

Unit Y'y=1 | — ) 02 =

nitary: = i

Eigenvalues: =+1 /QS |+ )
1

Y > =|4+1>

|+l.> [+ ) : Y eigenstates |+>

Y|—i>=—-|-i>

Y10>=ill> 1)

Y[1>=—-i|0>
Y|[+>=—-i|—->
Y|=>=i|l+>

—iY =R (n) = e %"

1
Y=—HYH =SXS" = o [Z,X]
l
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1 O
ZEG3E<O _1>

Hermitian: 77 = 7
Unitary: Z'Z=1

Eigenvalues: +1

Z|0>=1]0>
: Z eigenstates
ZIl>=—|1> s
Zl+>=]|-> : phase-flip operator |1>
Zl—>=|+>
Zl+i>=|—-i>

Zl—-i>=|+i>

—iZ =R, (n) = e 37
1
Z=HXHT=SZST=?[X,Y] =S2=71
l
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Hadamar Operator

)

Hermitian: "= H
Unitary: H'H=1

Eigenvalues: +1

H|O>=|4+>

action on X eigenstates
H|l>=|->
Hl+>=]|0> action on Z eigenstates
Hl->=|1>
. ir . exchange the x and z axes
H|4+i>=¢e4|—-1i>

ir (with flipping the y direction)
Hl—-i>=e"|+i>

—iH = R(X+Y) (JZ') = 6_2 V2
V2

1
H=—X+2)
V2
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=(0 1)

Unitary:  S'S=1

S[0>=10>
SI1T>=i|l>

S|+>=|+i>
S|l=>=|-i>
S|l+i>=|->
S|l—i>=[+>
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T (7/8) Operator

1
T = ( 0)
0 e+

Unitary: T'T =1

T|0>=1]0>
T|1>=e%|1>

X+Y
TXTT =
V2
Y—X
TYT = ——
V2
TZT =7

Il
%)
~
&
I
N

T = e%RZ (£> = e_%z T2
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1 qubit Rotation Operator

Rotation around the coordinate axes

R.(0) = e 7X

R,(0)=e%"

R (0) = e~5Z
Rotation around the a = (a,, a,, a,) axis
R,(0) = e—%(axX+ a,Y + aZZ>

Rotation with Euler angles

. . .p .y
U = €l¢€_l%Z€_17Xe_l7Z




1 qubit Operators: definition

Z-basis states

Z|0>=1]0>
X|0>=|1>
YI0>=i|l>

X-basis states

0>+ 1>

|+ > =
NG

X|+>=]+>

Y-basis states

10> +i|1>

| +i>=
NG
Y[+j>=|+j>
conversion by H and §
H|IO>=|+>
S|+>=|+i>

Z|I1>=—-]1>
X|1>=1]0>
Y[1>=—-i|]0>

| 0> —=1>
V2
X|=>=—-|->
, 0> —i|1>
| —i>=
V2
Y|—i>=—-|—-j>

H|l>=|->

S|l—>=]-i>
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1 qubit Operators: Equations
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|1 >

|0 >

1 qubit Operators: diagrams

|0 >

| + >

ly > X Y Z

[
»

diagram: from left to right

ZYX |y >

4

operators: from right to left

|0 >

131



2 and more Qubit Operations
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2 qubit Operators

Controlled-NOT (CNOT)
c 1 00O
Ay (X)=10><0] L+]1><1] X, = 8 (1) 8 (1)
4
~ 0010
Controlled-Z (CZ)
c 1 00 O
010 O
A. (Z)= I 1 1] Z =
t I C,t() |0><0|Ct+| > < |Ct 0 O 1 0
000 -1
Controlled-U (any unitary operator)
¢ T L 0
A, (U)=|0><0[ . L+[1><1]|.U =
0 U,
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3 qubit Operators

Toffoli gate (Controlled-Controlled-NOT)

Cl @ 5
A OO = (Il = 11> < 1 11> <11, ),
2 ® +1><1] [1><1] X]0><O0|L+]|1><1]X,
t D (1 000 0 O]
010000
_loo1000
000100
000001
0000 1 0]

Controlled-Controlled-Unitary

Cl

2 A*(U)
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o—

Qubit Diagram Expansions

HZH =X

U=e¢?AXBXC with ABC =1

q

S

T =e

—i%Z
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Qubit Diagram Expansions

! =l
= — ,—i%Z
_\/)_(— _H_T\IJTT\UT\UH I'=e
® J\o ® o7
@ = _]-'T A% T

b
I
T
I
~
o
=
d
~
4o
®
=
&
=
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Quantum Calculations
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Indirect Measurement

| + > T N X measurement outcome § = Qor1

|y > U post-measurement state

F@lw > T [f 1w > <yl]

f(s) = # phase kick-back
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Hadamard Test

Hadamard Test

ancilla 10> —H T H SN

target lyw > U

1
P(0) == (1 +Re(y | U|y))

~(1=Re(w|UIy))

\®]

P(l) =

P(0) — P(1) =Re(y | U |y)

The real part of <y |U |y > is measured.

If |y > is an eigenstate of U, the phase

Put a § after the first H of ancilla to get the Imaginary part.
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Quantum Information
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The Postulates of Quantum Mechanics

[Nie00]

Postulate 1: Associated to any isolated physical system is a complex vector space with inner product (this is, a

Hilbert space) known as the state space of the system. The system is completely described by its state vector,
which is a unit vector in the system’s state space

Postulate 2: The evolution of a closed quantum system is described by a unitary transformation. This is, the

state |y > of the system at time 7, is related to the state |y’ > of the system at time 7, by a unitary operator
U which depends only on the times ¢, and ¢, ,

lw'>=Uly >.

Postulate 2’: The time evolution of the state of a closed quantum system is described by the Schrdodinger
equation

d >
Ay >

=Hl|y > .
. |y

In this equation, 7 is a physical constant known as Plank’s constant whose value must be experimentally
determined. The exact value is not important to us. In practice, it is common to absorb the factor 7 into H,
effectively setting 2 = 1. H is a fixed Hermitian operator known as the Hamiltonian of the closed system.



The Postulates of Quantum Mechanics

[Nie00]
Postulate 3: Quantum measurements are described by a collection {Mm} of measurement operators. These

are operators acting on the state space of the system being measured. The index m refers to the measurement
outcomes that may occur in the experiment. If the state of the quantum system is |y > immediately before
the measurement then the probability that result m occurs is given by

p(m) = <y | MM, |y > .
and the sate of the system after the measurement is

M, |y >

v <wIMM, >

The measurement operators satisfy the completeness equation,
Y MM, =1.
m

The completeness equation expresses the fact that probabilities sum to one:

L= Y pm)y =Y <y|MiM,|y >

Postulate 4: The state space of a composite physical system is the tensor product of the state spaces of the
component physical systems. Moreover, if we have systems numbered 1 through 7, and system number i is
prepared in the state |y; > , then the joint state of the total systemis |y; > @ |yr > ® - Q |y, > .



Density Matrix

density matrix: a more general description of quantum states
(instead of state kets)

For one qubit quantum states

1 qubit pure state |y > =a|0> + |1 >

can be expressed by a ket for an appropriate basis

mapped to a point on the Bloch Sphere

the origin: the maximally

. . mixed state
1 qubit mixture state

1
= (classical) probabilisitic mixture of states p=3 (I+b-0)

(statistical ensemble of states) b - Bloch vector

mapped to a point in the Bloch Sphere like a spin 1/2 polarization vector

For more general quantum states
p = Z pily; > <yl for an ensemble {p, |y; > }; [Nak24]
i

A density operator uniquely specifies a quantum state,
but its ensemble decomposition is generally not unique.

%The matrix elements of a density matrix depend on used basis. 143



Density Matrix

[Nak24]
[Ish12]
Density Matrix (=Density Operator)
is defined as a Hermitian operator p € 93(#’) that satisfies p > 0 and Tr[p] = 1.
p = 0: positive semidefinite
<v|p|lv>2>0for VveH
Tr[p] = 1: normalization of total probability
Expectation value: physical observation under the operator A (Born rule on probability)
<A>=Tr|Ap]
Purity: Tr [p?
| pure state:
E <Tr [pz] <1 d = dim(#): dimension < Tr [pz] =1
2 _
- The left equality holds for the completely mixed state = PEp

- The right equality holds for a pure state

Z: Hilbert space
BI)=1{A: H — H | Aislinear and bounded} 144



Density Matrix

[Ish12]

Probabilistic mixture of two density matrices: {p,1 — p; p;, P>}

p:=pp+U-=pp, (convex combination)

145



Density Matrix

density matrix: a more general description of quantum states

density matrix (1 qubit)

. la|>  ap*
1 qubit pure state |y > =a|0>+p[1 > p= “f |,3|2
a
mapped to a point on the Bloch Sphere

Trp? =1 Do 0
1 qubit mixture state p=p0|0><0|+p1|1><1|=<0 p>
1
= classical probabilisitic mixture po+p =1
mapped to a point in the Bloch Sphere
1
— <Trp*< 1
y P
More generally
p= ZPi li><i| Z pi=1 for an orthogonal complete set of states |i > (basis)
i i

expectation value of an operator A

<A>=Tr|Ap]
similar to a statistical ensemble of spin 1/2 states 146



Completely Positive Trace Conserving (CPTP) map

% also called TPCP [Ish12]

A CPTP map is a map that satisfies the following three conditions.
Linearity:

D(ap, + bp,) = a®(p)) + bD(p,)

Complete Positive: for any ancillary system A

(I, @ D)p) >0 Vp >0 probability = positive semidefinite

Trace Preserving;

robability conservation
Tr(®(p)) = Tr(p) P Y

{} equivalent

Kraus representation

There exists a set of operators that satisfies
©(p) = D EupE]

ZE,jEkI; I
k
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POVM vs Projection Operator

pm)=<y|E, |y >

p(m) =Tr [Emp]
M_ |y >
ly > |y’ >=—
\/p(m)
M,.pM,,
- =
S T B

2 En= > pm) =1

[Nie00]

Orthogonal Projection Operators

P,=P)P, =P,
P, >0

pm)=<y|P,|y >

p(m) =Tr [Pmp]
P,y >
ly > - |¢,>=
\/p(m)
, _ PupP,
p—p =
Tr |P,.p]

Zszl Zp(m)zl

Py =gy > < ¢yl



Indirect Measurement
[Nak24]

Naimark extension: existence of an isometry VA~AE that satisfies pp. 32

- i -
M} = (VA~AE) <IA® le; > < ele) yA—AE
With expressing the isometry VA~4E by UAF, an unitary in the system AE, and |0 >F | a
pure state in the system E, as

VA—)AE — UAE (IA® |O >E)

J-1
in the system A is

the probabilities of the outcomes by the measurement POVM{]W]A}
J=0

Tr [MAPA] — Tr (VA—>AE)T <IA ® Iej S < €J|E> VA—)AEpA]

=Tr (M ®lg><el” ) U (pr®10> <0[") UAET]

=Tr|le;> < ¢|"Tr, [UAE<pA® 10 > <0|E> UAET”

M; of system A can be measured without directly measuring A by adding a system E to A,

time evolving by UAZ, tracing out A, and measure in E.



Schmidt Decomposition

. . L. Nak24
Schmidt Decomposition E)pr.:l17 |

For any quantum state | ¥ >5 is the combined system A B, there exist normalized orthogonal

d,—1 dy—1
bases { |, >A } and { |, >bB } for the system A and B, respectively,

with which | ¥ >8 can be decomposed as

min~_

d 1
P> = Y \/Ij|aj>A b, >5
j=0

where d, g, is the dimension of the system A(B), d,,;, = min {dA, dB} A € Ry and
Y a=1.
J

\/;j : Schmidt coefficients

la; >, |b; > :Schmidt basis

#{ ik # 0} : Schmidt rank (number of 4; # 0)
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Gottesman-Knill Theorem

Computation with [Nie0o]

Initialization
H, S, CNOT, Pauli-Operators

Pauli-measurements

may be efficiently simulated by a classical computer.
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Neutral Atom Quantum Computing

152



Neutral Atom Logical Processor

448 atoms, hyperfine clock state of 87Rb

two-dimensional acousto-optic deflector

non-destructive, spin-resolved qubit readout using a 1D optical lattice
in the readout zone

spin-to-loss conversion — spin-to-position conversion

repeated error correction using distance-5 surface code logic cubit
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Implementation of CNOT using Rydberg interaction

|0)
1)

|¢initial) — |1c0t>

I'/)initial) — |0c0t)

A , @
P -
OO

PN/

control target

te
T n o’
—O0— —0—
control target

Figure B1.1 | Implementation of the CNOT gate using Rydberg interactions. (a)
Principle of the controlled-Z gate based on dipolar Rydberg interaction. First a 7 pulse is applied
on the control atom, then a 27 pulse on the target atom, and finally another 7 pulse on the control
one. (b) Realization of a CNOT gate using a CZ gate and two Hadamard gates.

— o O O

= ¢"CZ

[Hen20] 154



87Rb Atom Energy Diagram

[Blu22]

/ =+1/2 \
70S,, 1/2 _> _I_YB/ 2n=24 MHhz orbit radius ~0.2

(Rydberg) m; = - 26um

o’+
1013 nm

= = 420+1013 excitation
to the Rydberg state

5P1/2 —

6.8 GHz = 28ueV = 0.33 K
|F=1,m|:=0) /

87Rb neutral atom

0=
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Quantum Operation with 8’Rb by Lasers

a CZ gate echo [B|U22]
10){¥ (x/2 iz Y (m) @ Y (/2) [0) ¥ (x/2) i Y (m) Y (r/2)
10)r /2 82 Y(x) PZC) ] _ 02— (@) ? =i
10) ¥ (x/2) {2(¢) Y (r) {2 Y (1/2) [0) ¥ (x/2) i Y (m) ® Y (7/2)
1)V (r/2}—— &z} v(r) 2] ] |0)~{Y (r/2}—— v(r) (]

Systematic and spurious Z(¢)

® / m, = +1/2 \
708, [r) _E’B/2Tl=24 MHz

(Rydberg) m=-1/2 =
6P,
created graph-state
()AL
— V|
1G> =11, ;cpA2),,,, | + >
A(Z )i,i+1 =CZijn
Cm
c CZ JR—
[0) {¥ (x/2) Y(m) V() Y(r/2)
|0) 1Y (x/2) Y(m) i C7 Y (m) ~F
[0) 1Y (m/2) Y () 5 — Y (%) Y (x/2)
[0) . 4{ v(m Y () —{>t
) + Dynamical decoupling '
BB1(n/2) X Y X Y Y X Y X /4. m/4
Raman (795 nm) Jlll I I I I I I I
cz cz Z(m)
Rydberg (420 nm) II II I
Rydberg (013 nm) L]
Trap light (830 nm) | | | | | |
Movement
Pushout |1) (780 nm) ._
Extended DataFig.1|CZ gate echo, atomiclevel structure, and typical This echo procedure removes any need to calibrate the intrinsic phase from the 1 5 6

pulsesequence.a, The two-qubit gates we apply, inadditionto applying a CZgate,and renders us insensitive to any spurious changes in Z({) slower than



Applied Raman Pulses

[Blu22]

BB1: Broadband1 (Stephen Wimperis 1994)

establishes a high-precision control of rotation Ry (6)
by applying subsequent correction pulses R (%) R;,(27) R (1)

/4

R.(0) R (7)) R; ;,(27) R () ¢ = arccos <—4£>

up to the order O (86) for Ry (60 + ¢€)

XYXYYXYX sequence: Dynamic Decoupling

cancels phase noises from magnetic field fluctuation, laser phase
fluctuation and AC Stark shift

CZ-Y(mt)-CZ sequence: CZ Gate Echo

cancel spurious Z({) noise using spin echo (phase compensation).
(—

Y(m)ZY(n)' =—-2 % They are originated

from NMR technology.

T
R, <—> for Z — X base conversion (|0,1 > - | £ >)
2 157



Rydberg Blockade
[Win23]

Energy
=3
3

|0r) |r0)
100)

Distance

Figure 4: Illustration of Rydberg blockade: The energy of two atoms being excited

to the Rydberg state |r) diverges with their inverse distance.

blockade radius ~ distance of 2-3 lattice sites

CZ operation time ~400ns (two pulses) ~1us (three pulses)



Quantum Operation with Neutral Atoms: Overall Steps

Control Electronics

Control Electronics

£ B

Control Electronics

£ B

L]
A VW
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(a) Pre-cool atoms via Doppler cooling.
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(b) Details of Doppler cooling.
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(c) Trap optically; detect filled lattice positions.
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(e) Apply computational gate sequence.

(d) Perform sub-register re-arranging.

Control
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) Read results via fluorescence imaging.
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Quantum Operation with Neutral Atoms: The System

[Win23]
a (o QASM
E | Physical Circuit
wn 0
0} >
a 0} :E A
o 0 {H
£ 0)
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Figure 1: Schematic component overview of a cold atom quantum computer (the
sequence of operations required to perform an actual computation is shown in
Fig. 3).




87Rb:

natural abundance: 27.839%
half life: 4.9x1010 year

g.s. spin-parity: 3/2°

Periodic Table

Rb i cnfolr
3 6 7/ 9
H86888

1 13 15 7
alkali metal 1

Ti Cu Zn |Ga | Ge | As | Se

22 30 31 32 33 34

Zr Cd Sn |Sb | Te
39 | 40 | 41 48 50 | 51| 52 | s

Pt Au Hg | Tl Pb i
80 81

[Blu22]
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Hardware Setup

[Hen20]
(@) Camera
[ 4
<
PBS
Vacuum , Dichroic 4'
system mirror N5

(

Figure 3: (a) Overview of the main hardware components constituting a quantum processor. The trap-
ping laser light (in red) is shaped by the spatial light modulator (SLM) to produce multiple microtraps
at the focal plane of the lens (see inset). The moving tweezers (in purple), dedicated to rearranging
the atoms in the register, are controlled by a 2D acousto-optic laser beam deflector (AOD) and super-
imposed on the main trapping beam with a polarizing beam-splitter (PBS). The fluorescence light (in
green) emitted by the atoms is split from the trapping laser light by a dichroic mirror and collected
onto a camera. (b) Photography of the heart of a neutral-atom quantum co-processor. The register is
prepared at the center of this setup.

106 atoms/mm3 =1 /10um

87Rb neutral atoms spot size ~ Tum

in optical lattices
0 or 1 atoms in an optical lattice site

[Win23]
typical distance of traps ~ 3um

trap lifetime ~ 10-20 sec
(limited by the residual vacuum pressure)

Figure 4: Examples of tweezer arrays in 2D or 3D geometries, extracted from Ref [12].
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Hardware Setup

[Win23]
Trap lifetime 10-60 sec at room temperature, 6000 sec at 4K, limited by residual gas.

Trap depth < T1 decoherence trade-off, optimized by the trap laser detuning.

Rydberg state lifetime ~ 150usec, limited by spontaneous decay and surrounding black-
body radiation.

Fidelity of the two-quit gate operations (highest value is ~0.995)
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Typical Values

Parameter Typical values today (near Future)
Qubits
Amount ~ 100 [20, 21, 22, 23] (~ 1000 for 2024 [44, 45])

Connectivity
Multiple states (i.e., qudit)

10:1—20:1[20], (50 : 1—100 : 1 possible in principle)
In principle possible

Lifetimes and Decoherence times

Trap lifetime

Decoherence times (electronic spin)

Decoherence times (nuclear spin)

10—60s [29, 22, 30, 23] (up to 6000 s with cryostat [39])
Ty ~4s, Ty ~ 15, T ~ 4ms [21, 22]
Ty > 5s, Ty ~ 405, T3 > 35 [23]

Native gates (gg-qubits)
List of gates

>2-qubit gates:

Parallelism

Single-qubit rotations, CZ — CNOT [20, 38], SWAR,
CPHASE [37]

CCZ — Toffoli /CCNOT [20, 38], C,Z, generalisation
to k control qubits [37]

Apply the same gate on multiple Qubits simultaneously:
Single-qubit rotations, CZ [21] (Multiple gates on mul-
tiple Qubits)

Fidelities of operations
1-qubit gate

2-qubit gate

Readout

Preparation

0.996 — 0.999 [21, 22]

0.955 — 0.995 [38, 22, 42]

> 0.95 [46]

Trap occupation probability (after rearrange-
ment): 0.988 [47]

Success probability for defect-free array ~ 0.75, depend-
ing on size of array [47]

Execution times

1-qubit gate

2-qubit gate

Preparation (incl. rearrangement)
Readout

~ 2 ps (m-pulse) [21]

~ 400ns (CZ) [21, 38]

~ 400 ms [47]

~ 10ms for fluorescence imaging [46], ( ~ 6 us using a
collective readout scheme) [46]

Installation and operation
Required infrastructure

Calibration

Specificity
Access
Quantum computing paradigm

Vacuum cell and pumps, lasers, optical elements, mi-
crowave sources, signal generators and modulators, mag-
netic field coils. Cooling the setup with a cryostat can
improve vacuum quality and increase trap lifetimes [39].
(Rack-level implementation possible [48])
Rearrangement at beginning, no calibration of individual
qubits necessary

Shuttling operations [21]

Via the cloud [49, 50] and on-premise

Gate-based (digital) quantum computing, digital-
analogue quantum computing, quantum annealing, ana-
logue quantum simulation

[Win23]



Construction of a Toric code

[Blu22]

c Toric code (on a torus)

0 205 410 615 820 1,170 Time (u's)

d
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2 0 11, ()
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Surface Code
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Toric code

Alexei Kitaev 1997
toric code 1& TRIERE, TlxZ < "X €Y (BFEROBRAEGT) 1 £ LTREINAZDDTT,

—ETCFE LD Ltoriccode F F—T A LD TICERI N bR ANVETRYETIEa—FTHD

surface code DJFHTH 5,

ZLCZOAREZ, wHEERZBDIINAERETE Y bCik%l, F—=72%2 T 3IERFIN—TIHET 5 2
EIZHD X,

[ e 2 A4 A CldamBiREZ B L 12 <, toriccode 1 ThRu P ANV IfREINT-BETAEY ) L LTREINFE L,

Kitaev | toric code Z#H2Z L 72 & &, HICHF ATV TIE A, anyon 2T 2 L CRFEIENSTEL I LZRLE LT,
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Gottesman-Knill theorem

Theorem 1 Any Clifford operations, applied to the input state 10)®" followed by the Z measurements, can be simulated
efficiently in the strong sense.

Any Clifford operations, applied to any product states of convex mixtures of the Pauli basis states, followed by Z
measurements can be efficiently simulated in the weak sense.
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Graph States

Theorem 1
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