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In its latest quantum processor, called Heron, IBM has improved the reliability of the qubits. Credit:

Ryan Lavine for IBM

IBM has unveiled the first quantum computer with more than 1,000 qubits — the equivalent of
the digital bits in an ordinary computer. But the company says that it will now shift gears and
focus on making its machines more error-resistant rather than larger.

IBM, Nature 624
(2023) 238
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Supercharged two-dimensional tweezer array
with more than 1000 atomic qubits
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We report on the realization of a large-scale quantum-processing architecture surpassing the tier of 1000 atomic qubits.
By tiling multiple microlens-generated tweezer arrays, each operated by an independent laser source, we can eliminate
laser-power limitations in the number of allocatable qubits. Already with two separate arrays, we implement combined
2D configurations of 3000 qubit sites with a mean number of 1167(46) single-atom quantum systems. The transfer of
atoms between the two arrays is achieved with high efficiency. Thus, supercharging one array designated as the quantum
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Fig.1| A programmable logical processor based onreconfigurableatom
arrays. a, Schematic of the logical processor, splitinto three zones: storage,
entangling and readout (see Extended Data Fig. 1 for detailed layout). Logical
single-qubitand two-qubit operations are realized transversally with efficient,
parallel operations. Transversal CNOTs arerealized by interlacing two logical
qubitgrids and performing asingle global entangling pulse thatexcites atoms
to Rydbergstates. Physical qubits are encoded in hyperfine ground states of
"“"Rb atoms trapped in optical tweezers. b, Fully programmable single-qubit
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rotationsareimplemented using Raman excitationthrough a 2D AOD;

parallel grid illumination delivers the same instruction to multiple atomic
qubits. ¢, Mid-circuit readout and feedforward. Theimaging histogram shows
high-fidelity state discrimination (500 ps imaging time, readout fidelity
approximately 99.8%; Methods) and the Ramsey fringe shows that qubit
coherenceis unaffected by measuring other qubitsin the readoutzone (error
probability p =10 *; Methods). The FPGA performs real-timeimage processing,

statedecoding and feedforward (Fig. 4).

D. Bluvstein et al, Nature 626 (2024) 58
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Can Quantum Computer

do better?



than what?

in which aspects?



Caveat!

® Any algorithmic process can be simulated efficiently using a Turing machine

* Any algorithmic process can be simulated etficiently using a probabilistic

Turing machine

® Can universal quantum computer simulate efficiently an arbitrary physical

system?



* QC 1s better than classical DC in classical problems?

combinatoric problem, N! o~ ¢V N=N

* QC 1s better than classical DC in quantum problems?

parallelism, superposition, entanglement
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Quantum Computing in noisy environment”

or Fault—Tolerant QC

* Fighting quantum decoherence with

entanglement

* Quantum Error Correction (QEC)

ct. B.M Terhal, Rev. Mod. Phys. 87 (2015) 307



Fault-Tolerant Quantum Memory

Nature 627 (2024) 778
Article

Fault-Tolerant Universal Quantum Gate

Nature 605 (2022) 675

Article

Non-FT encoding Hadamard measurement Error detection
c 9 |[+)—y—9o—9 {H]
L0 o 5 ° o 10 | |+ ’ {H} ; : & :
N s 0%, o ° Al : a t D
(:5 7F 0 %o °o o 11 |IH) * T 1o 1H] : 7y : T
g 6 i } =
3 13 Io) (} C) £ [f’_] () * h () '
g 5| 14 | l0)— oD (H} § 1% P
% : 15 | |00—D 7 D E ¢ P11 P11 = Non-ET "
o 4 N i e c [ Non-FT encoding
- o [+ a1 IT f :I”( B Hadamard measurement
(4] lO)— T T TP A 19 B Error detection
: i E . z
5 o)—od——o— ZL 0
da = (6] ) e A e e o
,,,,,,,,,, (7] |+) . B4 g W
i 0 2 — B | 2
o !
£ (1) |+) —oge XA . A4S, . As, 2
Q Z -
E (2] |0}~ S{2A4] ) s ’ 3.
2
() ' 11 J '
>
= _ [ [ 0-
t_é | i x2 x6 nFT nFT + M, FT
3 gl N E i
© N I SN O N R N o TR N m' """" @ T \ Fig.4|Fault-tolerant generation of alogical magicstate|H),.a, The magic preparationisdiscarded and repeated in case of anon-trivial syndrome of

the eightauxiliary qubits1to 8.b, Logical state tomography (see “Transversal
fault-tolerant operations’) after FT magic-state preparation. The phase of the

1078 1072

MRata anA maaciiramant arrare

Pufc oll - Feed ' stateis prepared non-fault-tolerantlyin a first step, where a physical magic
- state|H)is mapped to the logical state|H), . encoded in the dataqubitsat

Qubits - Drive i Flux - Coupling’ - Readth

] ¥ R,

positions9to15intheionstring (see labels at left of circuit). Thereafter,aFT
measurement of the Hadamard operator (M,)is carried out. Two auxiliary
qubits herald thatthe prepared stateisa+1 eigenstate of the Hadamard
operator butalso that no dangerous error occurred during the measurement.
The magic-state preparationis concluded with anerror-detection (ED) block
that measures the three X-type and Z-type stabilizerseachinan FT fashion. The
first part of the error-detection circuit (first dashed box), measures %, $% and
§2), whereas the second part measures §%, $'Z’and §. The magic-state

complexamplitudesis encodedinthe colour of the three-dimensional bar plot
and the wireframes depictideal results. Phase deviations from the ideal
density matrix are smaller than 50 mrad whereas amplitude deviations are
smallerthan 0.007.c, Thedecreaseininfidelity of the logical magic state (red
marker on Bloch sphere) after each step of the FT preparation procedure is
observed experimentally and captured by depolarizing noise simulations
(experimental and simulation results depicted darker and lighter,
respectively).



Contents

Introduction on Quantum Error Correction (QEC)

QFEC and Statistical Mechanics Model

Surface/Toric code and Z(2) Lattice Models (arXiv:

2412.14004)

Result and Discussion



Temperature T [MeV]

m
o)
—
:‘<
-
b3
<
M
q

200}_ LHC atticeqcd

My Background

) 44
Q."I o

RHIC-BES ' 2" %" Quark-Gluon ¥,

3

itical
Critic ™

NICA

£+ Plasma_“poa~®
‘-‘~ " . -

o

»

Nuclotron-M

A

Compact Stars

arXiv.2201.00202

. . y
) ) » \/ Tal ala . ) -
»"Ll-:l,"\’~':‘.‘\ 3 1< a

SIS-100
' \Color Super-
stars conductor

paryon density n/ ng
No=0.16 fm—3

+  +

+ 4

Temperature

+ + o+

2.5

2.0

1.5

arXiv.2412.14004

Paramagnetic

4 6 8 10
Error probability (%)

19

12



1. Introduction on

Quantum Error Correction



QEC: Shor’s code (classical counter—part)

* Smallest classical code, |0 >, =]000 >, |1 >, =|111 >

®* Measure each bit and do majority choice
* Not applicable to quantum computer

* cf. P. W. Shor, "Fault—tolerant quantum computation  in
the proceedings of 37th FOCS, p55-65



QEC: Shor’s code (9—bit concatenated code)

* |0>,=|000>, |1>;, =]|111 > (entangled qubits)

®* Not measure data qubits, but measure parity of data without collapsing qubits

0
supperposition/entanglement, |y >; = cos 5 |0 >; + sin 5645\ 1 >,

® Measuring any ot qubits by Z;, Z,, Z; collapses entangled data qubits

® Measuring the ancilla qubit collapses entangled data qubits if 1 (or 2, or 3) data

qubit is entangled with the ancilla qubit (i.e. measuring Z,, or (Z,, Z;))

® Measuring ancilla qubit doesn’t collapse entangled data qubits if 1,2 (or 2, 3)

data qubits are entangled with the ancilla qubit (i.e. measuring Z,Z,, or Z,Z,)



Remind: Quantum Logic Gates

Operator Gate(s) Matrix
Pauli-X (X) — X - [‘f })]
Pauli-Y (Y) —Y - )
Pauli-Z (Z) —Z o
Hadamard (H) —H[— % [i —i]
Phase (S, P) =S [(1) ?]
/8 (T) —T |- o o]

Controlled Not
(CNOT, CX)

1 0 0 O
O 1 0 O
0O 0 0 1
O 0 1 O

l
N
I
—
X-X=

Controlled Z (CZ)

e 1 0 0 0
SWAP N !8 Do 8]
—K— 0 0 0 1
1 o o o o o0 o0 07
Toffoli © 06 1 0 06 06 0 o
(CCNOT, o 0 0 0 1 0 0 o
CCX, TOFF) i © 0 0 0 0 0 0 1
o o o o o o0 1 o0

Common quantum logic gates by name (including abbreviation), circuit form(s) and the =
corresponding unitary matrices.

https:/en.wikipedia.org/wiki/Quantum_logic_gate



0 A
15|w>=H|l/f> — |yw(®) > = U@) |y(0) >

U(f) = e~ iHr

> = H(cos@ilO > +sin @, e'%| 1 >l-)



Measurement (or Error)

() —






Hadamard




7 Measurement effect

Before measurement Aft@f measurement

;1000 > +¢,| 111 > 1000 > or | 111 > with probability |¢;|* or |c,|*

X



/.7, parity check

Before measurement

000> [0>,]001>|1>,[010>[0>,[011>[1>,[100>|0>,]101>|1>,[110>]0>,[111> |I>

1000 > [0>,]001 >|1>,[010>]|1>,]011>|0>,|100>|0>,|101>|1>,|110>|1>,|111>|0>

A

¢ 000 > 4+ ¢, | 111 >

After measurement

¢ 1000 > 4+ ¢, | 111 >
10 > (1) : 1

X



Surface/Toric code and QEC



Dennis, E., Kitaev, A., Landahl, A. and Preskill, J., 2002. Topological quantum memory. Journal of
Mathematical Physics, 43(9), pp.4452—-4505.

2—dimensional array of qubits: periodic boundary/open boundary = topological vs surface

G—1lj+ 1) i, jl+ 1 i+ 1)+ 1)

® o o o o o
@

® o o o o 9o

G-1y-1) i, j1— 1) G+1,+1)




Sy, ) = X, (i, )Xo DX, = 1,)Xo0 — 1,))
>, = (S|y > =+ |y > for all S}

1. Sy, S, are called check operators of surface/
Toric code or stabilizers of stabilizer code

2. |y > 1s 2 logical qubit system
3. 4 logical operators, X, X,,Z,Z, on |y >,



® ®

® ® ® ® ®
®

® ® ® ® ®
® ®










* A given syndrome’, there are many equivalent error

configurations which shares the same “boundary”

* For a given error configuration, E,

ng(l)
PE) = [Ja - p—0p@ =T —p>(1’%p)
[ [

ng(l)
l ;o \L=p



* For different configurations, E’, where E' = E + C (C is cycle) for

a given E, consider P(C)
* If n~(l) =1 and n.(l) = 0, then the link / belongs to E’ (E is fixed).

ng (1) ng(D)+nq(l) ne(l)
ro-Tlu-rll(75) «(75) «(5)
[

l 1 —p 1 —p

* It n(l) =1 and ng(l) = 1, then the link [/ doesn't belongs to E".

. nc(l)
P(C) (l—p)
p



o Lhus P(E'|E) Hexp(]lul) with u; = 1 — 2n(l) where
l

u, € {—1,1} (note that u; = 1 if n(l) =0, uy = — 1 if n(l) = 1) with

L forl € E

1_
P forl & E, = P
1 —p p

» Finding Solution for the constraint Hul = 1 (§ are the sites with

=X

even number links on that site which have u;, = — 1) is convenient



2. QEC and Statistical Mechanics Model



Statistical Mechanics Models: Dennis et al.

* Surface/Toric code with bit—flip noise or phase—tlip noise (together with

syndrome noise or without syndrome noise)

o In 2—D, solution for Hul = 1 1s random—bond Ising model

=X

o In 3—D, solution for Hul = 1 is Z(2) Plaquette Gauge Model

=X

* "Probabilistic interpretation” is related to some statistical model



XZ data noise +
measurement error ..’

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

XYZ data noise+
measurement noise .

8N VT Ty 2



Quantum error and statistical model

* Specitic quantum code with stabilizer tormalism
* Modeling quantum error pattern
* Mapping quantum error pattern to statistical model

* ct. simple case: Dennis et al, ]. Math. Phys. 43
(2002) 4452



Error rate and threshold probability

* [f the quantum error rate is higher than the “threshold
probability”, QEC is not possible.

* Above the threshold probability, “probabilistic correction”

1S not possible.

® "Probabilistic interpretation” is related to some statistical

model



3. Surface/Toric Code
and
Z.(2) Lattice Models
(with M. Rispler, D. Vodola, M. Muller,
arXiv: 2412.14004)
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Toric code circuit



XZ data noise +
measurement error ..’

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

XYZ data noise+
measurement noise .

8N VT Ty 2



Quantum Error Models
and Mapped Statistical physics models in Toric Code

* Random bit tlip (,) error or phase tlip (o,) error

— 2-D Ising model with quenched anti—ferromagnetic coupling

* Random bit flip error or phase flip error + syndrome

measurement error

— 3-D Z(2) gauge theory with quenched anti—ferromagnetic coupling



Quantum Error Models
and Mapped Statistical physics models in Toric Code

* Independent (o,), (6,) error + syndrome measurement error

— 3-D Z(2) gauge theory
with quenched anisotropic anti—terromagnetic coupling

* Depolarizing (i.e., (Gx),(dy),(dz)) error + syndrome measurement error

—) 3-D Z(2) X Z(2) gauge theory

with anisotropic quenched anti—terromagnetic coupling



/7 /7
4 4 4 4 4
Ve Ve
/
1 / / 1
Vs I V4 ’ I
y Terms to flip in H

J(Z)— —J(Z)
JY)—= —-J(Y)

L
V4
0
’ 1
P
i ]
l/ - o/~ - -
0
— [
p ]

Terms to flip in H
J(X)— —-J(X)
J(Z)— —J(Z)

D 10 0)

D 10 0)

! s’ 2l
/l




single-qubit

initialization

measurement

idling




R

data

measurement




H = Z [Hy(n + Hy(n) + Hy(n)]

Hy(n) = —J (n; X)o (n)at(n + y)J (n + t)at(n)

,—{

—J (n Y)o(m)o (n + t)o(n + X))o (n) /%j

—J2(0; ¢)o,()s,(n + Do (1 + H)o,(n) ;7
Hyn) = — J (n; X)z,(n)z,(n + $)7,(n + DH,(m) Ziay

—J,(n; Y)z,(m)7,(n + t)z(n + %)z (n)

—J;'(m; ¢)r,(m)7,(n + X)7,(n + P)7,(N)



Hy(n) = — J,(n; Y)o,(m)o(n + $)o,(n + 1)o,(m)7,(n + X)z,(n + X + )7,(n + X + X)7,(n + %)

—J,(n; Y)o(n)o (n + t)o(n + X)o,(m)r,(m+y)r(m+y+yr,m+y+ £)z,(n + )

Random Plaquette Random Coupled-Plaquette
Gauge Model Gauge Model




Monte Carlo Algorithm

* Metropolis algorithm for the spin—
update

* Parallel Tempering tor the neighboring

temperature spin configuration exchange



Order Parameter:
Polyakov line

_ - 1 1
(AP0 P= 2P0 =7 2 ] Lo

With

P=|P|-(|P])

Susceptibility and the third
order cumulant

x = {|P*|), By = (P)/{P*)"*



Nishimori condition

pr(X)pr(Y)pr(£)

o exp(—4|J(W)]) =
A = e

o exp(—21[J,[) =1Tq



4. Result and Discussion



Polyakov Line, Z(2) X Z(2) gauge theory
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Third order cumulant ot Polyakov Line, Z(2) X Z(2) gauge theory
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Susceptibility of Polyakov Line, Z(2) X Z(2) gauge theory
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Phase diagram, Z(2) X Z(2) gauge theory
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® Threshold error probability tor the viability of Quantum Error Correction

can be studied by MC simulation of quenched statistical physics model

® For toric code where an independent bit—tlip or phase tlip occurs together

with independent syndrome measurement error, the threshold probability

from MC suggests p ~ 0.00682

® For toric code where depolarizing noise occurs together with independent

syndrome measurement error, the threshold probability from MC suggests

p ~ 0.0144



