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Error Mitigation - Pauli Twirling
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Dynamical Quantum Phase Transitions

Dynamical topological transitions in the massive Schwinger model with a /-term

5018 T. V. Zache," * N. Mueller,2 J. T. Schneider,' F. Jendrzejewski,® J. Berges,! and P. Hauke'!:?

Quantum computation of dynamical quantum phase transitions

5023 and entanglement tomography in a lattice gauge theory

Niklas Mueller,!:?3:* Joseph A. Carolan,* Andrew Connelly,®
Zohreh Davoudi,’> %7 Eugene F. Dumitrescu,”* and Kiibra Yeter-Aydeniz®
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1+1D SU(N) and Quantum Chromodynamics
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Decay Probability
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Trivial Vacuum-to-Vacuum

Preparations for quantum simulations of quantum chromodynamics

Roland C. Farrell, Ivan A. Chernyshey, Sarah J. M. Powell, Nikita A. Zemlevskiy, Marc llla, and Martin J. Savage
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Preparations for quantum simulations of quantum chromodynamics
in 1 4+ 1 dimensions. Il. Single-baryon p-decay in real time

Roland C. Farrell, lvan A. Chernysheyv, Sarah J. M. Powell, Nikita A. Zemlevskiy, Marc llla, and Martin J. Savage
Phys. Rev. D 107, 054513 — Published 30 March 2023
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1+1D QCD and Decays

10 11 12

Light mass
(dynamic)

Heavy mass
(static)

Unit cell with two quark flavours

Pentaquark with heavy diquark (strong coupling limit)
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Simulating one-dimensional quantum chromodynamics on a quantum computer:
Real-time evolutions of tetra- and pentaquarks

Yasar Y. Atas*,2/T Jan F. Haase*,"»2 3t Jinglei Zhang,"2/% Victor Wei,!* +
Sieglinde M.-L. Pfaendler,” Randy Lewis,® and Christine A. Muschik® 27
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02 Trotter steps --- Exact
v 3 Trotter steps — Ideal Trotter

Pathfinding Quantum Simulations of Neutrinoless Double-3 Decay

Ivan A. Chernyshev®,! Roland C. Farrell ®,2 Marc Illa ©,2 Martin J. Savage ®,3* Andrii
Maksymov ®,% Felix Tripier ®,* Miguel Angel Lopez-Ruiz ®,* Andrew Arrasmith ®,* Yvette de

Sereville ®,* Aharon Brodutch ®,* Claudio Girotto®,* Ananth Kaushik ®,* and Martin Roetteler ©*: f




Decay Probability

Weak Decays : Expectations
—Recovering Real-time Exponential-Decay
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Hadronization and Fragmentation

Baryon Entanglement, Barata et al, Gong et al Hadronization, Florio et al
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Energy

Ising+ I\/Iilsted et al
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1+1D Preparing for the Future
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U(k) = Ny exp (—iku) exp (— (k4:2“) )

) near TCI e bl, =3 U(k)b}
A
a R
U(k==2)5l_ . Uk =0)b_, U(k=2Z)bl_. Wave paC ketS -

A § Davoudi et al

i(p—q) N2 ’
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Optimized

, Chai et al

. - Thirring model
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Fig. 1: Simulating confinement in a Z, LGT on a digital superconducting chip.
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Modeling the QCD Phase Diagram

H = (im0 + m)y — g(Py)* — pbyor)
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Alexander M. Czajka, Zhong-Bo Kang &, Henry Ma & Fanyi Zhao

Regular Article - Experimental Physics | Open Access | Published: 22 August 2022

Quantum simulation of chiral phase transitions

Journal of High Energy Physics 2022, Article number: 209 (2022) |

Cite this article
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Toward Quantum Computing Phase Diagrams of Gauge Theories
with Thermal Pure Quantum States

Zohreh Davoudi,’'? * Niklas Mueller,""% T and Connor Powers' 2 *

! Maryland Center for Fundamental Physics and Department of Physics,
University of Maryland, College Park, MD 20742, USA
2 Institute for Robust Quantum Simulation, University of Maryland, College Park, Maryland 20742, USA
3 Joint Quantum Institute, NIST/University of Maryland, College Park, MD 20742, USA

Phys. Rev. Lett. 131, 081901 — Published 21 August 2023
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oystematics in scattering 7?7

Dispersion Relation

~ 1/a

* High enough energy in collision will lead to quantum advantage
* The bond dimension is growing (exp) with energy

» What is physics and what is systematic error must be quantified



Steps toward quantum simulations of

LLISITIRIITTT Abelian Gauge Theory: Moving in the Lattice Vacuum
. Classical Simulations

Heavy Quark : constant speed, well-defined position - implemented via Gauss’s law

Composite Hadron
charge screening, confinement

No energy-loss or hadronization in a Lorentz Invariant system (continuum)

Heavy quarks provide control for colliding partons



Energy Loss, Hadronization and Damage” to
Multi-Partite Entanglement in the Vacuum
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Colliding Partons
— One Static Background Heavy Quark
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Energy-Loss in Non-Abelian Gauge Theories:
Quantum Simulations using IBM

Marc IIIa Zhlyao L|

Fermion /qubit sites

97 6L — 6 6L —41 L6L—3 —2l Llgr -1
Staggered sites N 0 1 2 3L —3 3L — 2 3L —1
Electric-field boundary b 0 1 2L — 2 2L — 1
Spatial sites I 0 =1
b+1+|b/2]

H = Hy+ Hy + Hy + H, a3 O

n=0



The SU(2) Hamiltonian

Fermion /qubit sites 7
Staggered sites n 0
Electric-field boundary b 0

Spatial sites X
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Four New Ingredients - Beyond U(1)

(a) (b) (c) " O
Color entanglement 0!30!00 w!;!oo oo-!-&x}/

- Hadron interpolating operators \(dz) (€2)

‘Heavy-quark motion discrete only
+ by FSWAPs

-|_attice spacing artifacts from FSWAPs

‘Domain Decomposition - scalability




Elaboration : Color Entanglement

Heavy-Quark
positioned here
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- I i Elaboration : HPC Optimization
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Elaboration : Domain Decomposition
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Classical Results

Trotterized ground state heating
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Resources and Layout for L=3
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Production

Full Circuit (heavy-hex)

250 A

200 -
mm VQE
) FSWAP
ﬁ kO

Hi 1) Prepare the L=3 Ground State on 18 qubits of

L
_ II Ibm_pittsburgh
_ J_..IIIIIIIIIII,IIL » HPC optimized ADAPT-VQE (fidelity > 99.5)

e 2) t=0 : Shift Q from x=0 to x=1 using FSWAP
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100 -
N | |
| ! |

40 -

JIJ“AIIIII"I"L Total 2-Qubit Depth = 398

05 6 9 1 13 (after transpilation)

Qubit Index

3a) One 2nd-Order Trotter step from t=0 to t=1

3b) Measure the energy in the light quarks

Number of CNOT's




Charge Distribution

Charge Distribution

]
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0.00 I_I : I
N —0.25 4+ 1 | _J].

—0.50 - - -
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—0.75 1 + ODR

{ Raw <1!;iii
—1.00 Q
01 2345678 91011121314151617
Qubits

4517 gates: OrderedDict({'sx': 1957, 'rz': 1452, 'cz': 1004, 'x': 104})
Depth: 1350 _ |
Two—-qubit gate depth: 456 from an early implementation




Wavepacket Evolution in 1+1D SU(2)

Observation of Robust and Coherent Non-Abelian Hadron

Dynamics on Noisy Quantum Processors

Fran Il¢ié™*, Ritajit Majumdar®*, Emil Mathew!*, Md. Osama Ali!,
Nathan Earnest-Noble? & Indrakshi Raychowdhury!**
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Dynamical Gauge Fields - Yang-Mills
Byrnes-Yamamoto — Kogut-Susskind

Many ways to map/distribute the field(s) in the UV (lattice spacing)
Consider the Kogut-Susskind basis = electric basis ....

2

N/ Z ~ o 1 Z ( A o T) | gesaseass
H _ E _I_ [ 000000000
—_— | 19,811, 15 . Y IRy T YR)
links
. . . . 000000000 000000000
Electric Field Casimir operator Magnetic Field operator 02200 ot
p,q, Tr,T;, YL, TR, Tf, YR) p,q, Tr,T;, YL, TR, T, YR)

‘ »,q,17, Tf, Y. 1R, Tf{, YR> Off-diagonal on electric basis

Irrep Left-space Right-space
\ 000000000
000000000
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SU(N) Gauge invariant e T
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Why Non-Abelian is More Complex than Abelian

|C,a,b) IR,g,h)

o g " 1 i n n g
H = 9qd—2 Z B+ 2q4—d g2 Z 2N — O(x) — U'(x)
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A A
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Yang-Mills
First Attempts at SU(2) in 2+1D

Also see Mari Carmen Banuls, Karl Jansen et al

" aon b q . ‘ ) \ SU(2) non-Abelian gauge field theory in one dimension on digital quantum computers

Gauge Invariance

Natalie Klco, Jesse R. Stryker and Martin J. Savage'
! Institute for Nuclear Theory, University of Washington, Seattle, WA 98195-1550, USA

(Dated: August 19, 2019 - 13:7) T ' T
1o % =
0307 T ‘ ' 7 08l |
B — B - 2
0.25F | NTrot - 1 ,i— ~~~~~~~~ ® g
e N =9 AT T T &
~~ 0.20} W NTrot = e ~el : g 0.6 )
| : T =
uj 0.15¢ ;04
S 0.10° 1 E _
i IBM - Poughkeepsie E
0.05, g p ). 4 802l D-Wave- Advantage i
oo0f ™ -
0.0 0.1 0.2 0.3 0.4 00L |
I | . 1 l | . | . | !
tlme 0 1 2 3 4 5

time (in units of 2/g)

e Only dynamical gauge fields
e Gauge Variant Completions (GVC)
. . Sarmed A Rahman, Randy Lewis, Emanuele Mendicelli, and Sarah Powell
® Severely truncated |n fleld SpaCe Department of Physics and Astrono(r]g,y,t fi’or‘l‘i Uniz;egsz';g& 17)’0'ronto, Ontario, M3J 1P3, Canada
ated: August 3,
e 2D, but really 1D

SU(2) lattice gauge theory on a quantum annealer

Plaquette chain will collapse to 1+1 dim in continuum limit
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Some Recent Simulation Results
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Vibrations of the string

Cochran et al (Google), arXiv:2409.17142

Bauer, Ciavarella, Jiang, Klco, Di Matteo,Halimeh, Yao,. et al




Taming Non-Abelian Gauge Space
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Loop-string-hadron formulation of an SU(3) gauge theory Quantum and classical spin network algorithms
with dynamical quarks for g-deformed Kogut-Susskind gauge theories
Saurabh V. Kadam,"* Indrakshi Raychowdhury,* ' and Jesse R. Stryker'* Torsten V. Zache* Daniel Gonzalez-Cuadra, and Peter Zoller From square plaquettes to triamond lattices for SU(2) gauge theory
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classical simulations of gauge theories in particle Improved Honeycomb and Hyper-Honeycomb Lattice

physics Ab Initio Derivation of Lattice-Gauge-Theory Dynamics for Cold Gases in Optical Hamiltonians for Quantum Simulations of Non-Abelian Gauge
Jan F. Haase?, Luca Dellantonio?, Alessio Celi*#, Danny Paulson'?, Lattices Theories
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Transport Properties
Shear Viscosity in 2+1D SU(2)

: X
Classical and quantum computing of shear viscosity for (2 + 1)D Berndt Mueller and Xiaojun Yao Quantum algorlthm for G,.y
SU(2) gauge theory
e B e e A 0) — =
|O> . . /74
H ;T x —
e % e:i:z Al e iHt
10) — A
|0) — A

On 4 X 4 lattice W/ j,., = 0.5

(0G?) in=0.50. (ag?)pnax=0.65
— | e (ag*) min=0.40, (ag*)nax=0.65
0.0 e=re (06?)0in=0.40, (ag?)max=0.70
By = 0.20

0.0 0.2 0.4 0.6
ag2
At the Quantum Limit, same as liquid created in heavy-ion collisions




Qudlits

Hardware efficient quantum simulation of non-abelian gauge theories

with qudits on Rydberg platforms Simulating 2D lattice gauge theories on a qudit quantum computer

Michael Meth,! Jan F. Haase,?> % Jinglei Zhang,?? Claire Edmunds,! Lukas Postler,*
Andrew J. Jena,?3 Alex Steiner,! Luca Dellantonio,? 35 Rainer Blatt,! 67 Peter Zoller,? 6
Thomas Monz,!>7 Philipp Schindler,! Christine Muschik*,%%° and Martin Ringbauer*!

Daniel Gonzélez-Cuadra,’ 2> * Torsten V. Zache,?:* Jose Carrasco,! Barbara Kraus,! and Peter Zoller!: 2

Quantum Computation Results

2+1D QED
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1::0

B magnetic representation
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electric representation
qutrit experiment (VQE)
ququint experiment (VQE)
ququint experiment

exact

exact (d=21)
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String Breaking as an Example

o>
3 ‘i

P — —Q Vibrations of the string
>J >J Cochran et al (Google), arXiv:2409.17142
Quantum simulation of string breaking: summary SU(2) lattice gauge theory 1+1D
Models Phenomenology )

f
l 0.8

- 0.6

1+1D
o /o LGT, trapped ions

 Ground state

* SU(2) LGT, superconducting qubits * Quench dynamics

° U(1) LGT, atoms in Optical lattices » Resonant String breaking

- 0.4

2+1D * Dynamics of strings in 2+1D 0.2

0.0

e Z> LGT, superconducting qubits

« Ramp dynamics
 U(1) LGT, Rydberg atom arrays

Ciavarella, arXiv:2411.05915



Entanglement in Particle Detection

Exclusive Scattering Channels from Entanglement Structure in Real-Time Simulations

IO.OS

Nikita A. Zemlevskiy ®! *
100
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University of Washington, Seattle, WA 98195, USA
(Dated: May 21, 2026)
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Scar States in Gauge Theories and Delayed Thermalization

March 2022

Scar States in Deconfined 7, Lattice Gauge Theories

A4

» Distributed ’Ehroughoht spectrum

Adith Sai Aramthottil,®! Utso Bhattacharya,? Daniel Gonzalez-Cuadra,® 34 Weak|y connected to evolution Hamiltonian (COId SUb-SpaCG)
- . 2.5 . 6,2 o Py . .
Maciej Lewenstein,“® Luca Barbiero,”“ and Jakub Zakrzewski e Del ay thermalization
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o J J
FIG. 4. The half-chain entanglement entropy(S) of all the _ o o
eigenstates at t = 0.2, h = 0.5 for L = 16. The orange dashed O "
lir%e gives the Sgyr value. Circles denote differeﬁt QMBS PreVIOUS|y Only COannlng SyStemS eXthIted Scars
obt.ained Via,.our tre}ckin2g procedure. Green c?rcles d(?note ® Shown tO eX|St IN de—COnﬂned reg|me
antimagnon-like family S;, for n = 0, 2, 4, 6, 8 while red circles ) ) o )
magnon-like states, S; with n = 0,..,6 counting from the ® ShOWﬂ nOt tO eX|St N COnf|n|ng reg|me

right hand side. Inset: The half-chain Entanglement Entropy
divided by system size (£) for S5 state showing its sub-volume
property as expected for QMBS.



Stabilizer Scars ) Entanglement and Thermalization
Stabilizer Scars

Jeremy Hartse'"*, Lukasz Fidkowski?, and Niklas Mueller'-

Show more v

Phys. Rev. Lett. 135, 060402 - Published 6 August, 2025
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Entanglement and Thermalization

Quantum computing universal thermalization
dynamicsina (2 + 1)D Lattice Gauge Theory

Niklas Mueller &9, Tianyi Wang, Or Katz, Zohreh Davoudi & Marko Cetina

Nature Communications 16, Article number: 5492 (2025) | Cite this article (a) (b)

Entanglement

Individual o -~

Z Spectrum
Raman Beams X v = :g ! é . optimize
o A S o© 0.075 § § . § g . ; >
v b ER ] B [
3 / __._--———Gauss law = - i ik bl e~HellAN |2 _____J
A W[I 5 b G — O'a Gb O.C " Trapped-lon .
uantum Computation
Lf T TR\ LW D @
1 -
_G]_ i Wﬂi:\ a + B * Global Raman Beam Ooservables Integrable Chaotic
1 vy - p
o 7 \ X .
y
@ S04 = 050
Rl (
a) 08 (b) 254 ]
N STo. m o < 0 ) )
) A v 0.6- — Exact g 207 1 1
Fe % = BW ;5 1.5 4 1 |
E . ( <;EO.4 . QC E —i— [ l ﬂh‘
o ]
e 02 -- GUE | £
= o, e o o
i+ V=Tl ; +'
=% 0.0 i o ' |1 '
0.0 0.5 0.0 0.5

Gap Ratior



Nuclear Structure and Reactions

First quantization mapping
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Hes ==Y Soi+ 5> 756, Neutrino Flavor Dynamics in Supernova
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Simulations with qubits and qutrits
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N-body Gates in Trapped Ion Systems
Co-Design in Action

Engineering an Effective Three-spin Hamiltonian in Trapped-ion Systems
for Applications in Quantum Simulation

Bérbara Andrade,! Zohreh Davoudi,? Tobias Gra,! Mohammad Hafezi,®>* Guido Pagano,® and Alireza Seif®: *

NNEFT with Trapped lon Systems .

N-body interactions between trapped ion qubits via spin-dependent squeezing

Or Katz,»23:* Marko Cetina,’"3 and Christopher Monroe!: 234
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AN

FIG. 1. (a,b) Traditional Mglmer-Sgrensen scheme based on a pair of bichromatic laser beatnotes off-resonantly driving first-
order spin-phonon couplings with symmetric detuning (+6), giving rise to an effective spin-spin interaction. The two-ion case
is shown for simplicity. (c,d) Generalized Mglmer-Sgrensen scheme to generate an effective three-spin coupling. A second-order
blue sideband is driven with twice the detuning (2§) as the first-order red (—4) sideband. As shown in (c), this process creates
two virtual phonons with a second-order process and annihilates the same number of phonons through two first-order processes.
Note that only two out of several possibilities are depicted. In all subfigures, €2, and 2, are the Rabi frequencies of the red
and blue beatnotes, respectively. wo is the qubit frequency, and w [= wcom] is the transverse center-of-mass frequency.
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Beyond NISQ:
FaultTolerance and Error
Correction




Fault Detection and Error Correction is
essential for Quantum Computers to be useful



Maximum error rate

Classical Computation

Number of Physical qubits
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Representative Hardware Evolution



Ensemble of 1-Qubit States with Noise

Pure ensemble of single qubit states

>st I After some time

X Y / X

Mixed ensemble of single qubit states



Ensemble of 1-Qubit States with Noise

INnteractions with environment change a pure ensemble
P | into a mixed ensemble

An error rate per qubit leads to, after some time,
{10), 19), 1), [), [0), 1), [0), [9), .} = L[, ), X ), ), Y|y, Z|w), [9), |4), ...}

For Isotropic, independent noise with probability p:

P
‘¢>:COO>‘|‘011> 1—0p ﬂe:(l—p)p | SZO'HOO'Z
ez) = cl0) —c1]1) : p/3 ) Z :
) = col1) + 1|0} : p/3 _ (1 3p) p+pol
ey) = ico|1) —ic1|0) : p/3

Fxpectation values of Paulis decrease with increasing p



Mixed ensemble with

2-Qubit Werner State

Bell pairs and classically correlated pairs

1
p:|P) = %[\00>+|11>]
1
—(1—p) :
5 (1 —=p) :00)
1
—(1 —p) : |01
4( p) : |01)
1 A 1
1(1—29) : [10) paB = p|®1)(P1| + (1—19)1[4
1 1
7(1—p):[11) re T 5
o 2 o o
PAB=1 0 0 12 o0
1+
2 0 0



2-Qubit Werner State

separable and not distillable!!

Quantumness” is lost



2-Qubit Werner State

Quantum entan glement . Credit: Physics Department, HKUST

e p = 0: classical and separable (there are no entangled states in this mixed ensemble)
e O<p< %: mixed ensemble containing entangled states, but the system is separable
* D> %: mixed ensemble containing entangled states and the system is not separable

e p = 1: pure state, entangled and not separable



Schematic of Error Correction

Need to be able to recover from errors over an extended period of time.

Input Encoding Gates act Syndrome measurements

Stabilization and Corrections Error inference
optimization by
quantum control

techniques

https://spectrum.ieee.org/quantum-error-correction



Error Propagation
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Error Propagation

XX>
|

T 1 1_>/2
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Design circuits that suppress/eliminate or identity and remove
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Classical Error Correction, e.g., Hamming (74,3)

4 classical bits embedded in 7 classical bits C2

Parity checks on partitions of 3 of the 4

Mod(2) math

d1 a3
a4
dl dz d3 d44>61 Co dl C3 dQ d3 d4 do
C]
cir=di+do+dy, co = di+ds+dy, cg = do+d3+dy

C3



Classical Error Correction, e.g., Hamming (74,3)

24 =16 codewords (sparsely) embedded in 27 =128 space

Need 3 bit flips to convert a codeword into another codeworao
- Hamming Distance =3

- Denoted as (/74,3)

- 1 error can be detected and corrected

- 2 errors can pbe detected, but not corrected (correctly!)



Classical Error Correction, e.g., Hamming (74,3)

-ncoding matrix

C1 1 1 0 1
C9o 1 0 1 1
di 1 0 0 O
vr=les| .G = 10 1 1 1|,
do 0 1 0 O
ds 0 01 O
dy 0 0 0 1
1010101 P
H=10110011}|, R =
000 1 1 1 1 0 00 0O O01FDO0
0 0 OO 0 01

Syndrome matrix Decoding matrix



Classical Error Correction, e.g., Hamming (74,3)

1
H = 1[0
0

1 0
H.e1 = 0 — 001 —»1 , H.eg = 1 — 110 — 6
0 1
H. |

single error]. = location of bit flip in binary

O = O
O =
= O I
— O =
—_ = O
— =

) H. Codeword. = (0,0,0)

Flip it back — error corrected - then decode



Classical Error Correction, e.g., Hamming (74,3)

H.(e1 +e) = 1 — 111 —» 7.

Two errors can pbe detected, but correction leads to wrong codeword

1) Detect errors and remove from ensemble, removes O(p, p2)
2) Detect and correct errors, removes O(p) without reducing ensemble



Classical Error Correction, e.g., Extended Hamming (84.4)

4 classical bits embedded in 8 classical bits

Parity checks on partitions of 3 of the 4

Global Parity Check

pr=c1+co+di+c3+ds+ds+ dy
=di+dy+ds+di+d3s+ds+di+do+ds+dg+do+ds+ dy
=d; +dy+ds,

VS c1 C2 dy c3 do d3 dg p1



Classical Error Correction, e.g., Extended Hamming (84.4)

/cl\ (1 1 0 1\
1 01 1
1 0 0 O ¢
01 1 1 1: ZHZ- = 0Oand H4 = 0 : 0 or 4 or more errors , keep codeword 1
Gl = i=1
’ 010 O0]°
3
000 10 2:ZH¢ = Qand H4 = 1 : error in p; ,correct py 1
) \O 0 O 1) -
1 110 3
01 010 1 0\ /0 01 000 O 0\ S:ZHZ- > Oand Hy = 1 : 1, 3 or more errors in c;...d4 ,correct bit identified by H
1 100110 R _ 0 00 O0O1O0O0O0 =l
00111 10f”7 100000100 ¢~ CH 0o . ST
111111 1 ) \0 00000 1 0 ) Z ; > 0and H4y = 0 : 2 or more (unrecoverable) errors , reject codewor 1



Classical Error Correction, e.g., Extended Hamming (84.4)

0.500

0.100
0.050 encoded

0.010

Fraction of Erroneous Code Words

0.005 54
“unencodeo

0.001 0.005 0.010 0.050 0.100 0.500

single-bit error probability



Quantum Error Detection and Correction

Logical gubits from multiple physical qubits

ohysical qubits Hamming distance

[N, k, all

logical qubits




Quantum Error Detection, e.g, [[4,2,2]] code

@ X1 =XXITI , Xpo = XIXI ) 9
A Ty 3 AA A A RXLz(Q) — e 2L
S =1212 | 2., = 1122
@ ® )
1
® 1
H |OL1L> — E[ |1010> + |0101> ] : |1L1L> — [ |0110> + ‘1001) ]

e.g., 14, 2, 2] : 4 physical, 2 logical, distance-2



Quantum Error Detection, e.g, [[4,2,2]] code

S,=2227 , S, = XXXX

When acting on (all) codewords = +1

t

|

, I

: .

al |10) ‘I"’I‘ ’1‘.‘1‘



Quantum Error Detection, e.g, [[4,2,2]] code

0) 4H]

0) 0 .

N T

05 .4 l I

0 T —— X—X)

X
QIO

0) —X~X

OA X

010 X

Measure the ancillary, reject states with detected faults



Quantum Error Correction, e.g, |[|71.3]] code

Quantum descendant of the (74,3) Hamming code Calderbank-Shor-Steane code - CSS

1 5 1

Xr=X1XoX3, Zp = 212223

X; =X®" 7 =71Z74



Quantum Error Correction, e.g., [[71,3]] code

0L) = jg 110000000) + [0001111) + [0110011) + [1010101)
+(0111100) + |1011010) + [1100110) + [1101001) |

1) = \}g |1111111) + [1110000) + [1001100) + [0101010)
+1000011) + [0100101) + [0011001) + [0010110) ]

Xy =X1XoX3, Zr = 212223



Quantum Error Correction, e.g., [[71,3]] code

x| O) +B8|1)

1
2
3
4 | 0)
5
6
7
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Quantum Error Correction, e.g., [[71,3]] code

A AN A AN AN A A

§ =I®3X® 5 = IXXIIXX 83 = XIXIXIX

5, =I®32%% 5. — [221127 55 = 2121217
1 X
2 X
B S— — 1%
——r— —h———1%
— — T 1% T T
HE | HE . 1 T 1T s
i 1] i |
10y —(XHX-X-XH 7 l . g — H ll'
) “010010010010 l l 0 1%’ i 1A A
|o>..l 0}00}00}00}0 10 10
| | 10)
S4 Ss S6 St Sz

(S4, S5, S6) Binary location of error (S1 S2, S3)

1>




Quantum Error Correction, e.g., [[71,3]] code

Qubit layout on a gria
14
- @ — 0 — @4

& |
® @® -

3 l — l{’Z

S25
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Quantum Error Correction, e.g., [[71,3]] code

s the gate set transversal?

-Z?]D :::-]gr@97’7 £§l}

T-gate is not transversal

1

Holér) = a— (|0z) + |12)) + B— (|0z) —

Lo

V2 V2

~oNot? = [eNOoT(2)

1)) = H®|ypr)

1Q7

1
\0L>:::;Z§[|ooooooo> + [0001111) + [0110011) + |1010101)

+0111100) + [1011010) + [1100110) -

- 11101001) |

=%\§ AVERL O AR L 1S

17) = V[_[|1111111 + [1110000) + [1001100) + |0101010)

2’

4—\1000011 +—\0100101 +—|0011001 -

- 10010110 ]

/ 7 / 7 : :
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Quantum Error Correction, e.g., [[71,3]] code
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Non-fault-tolerant circuitry within the code block



Error Correction in Gauge Theories Abelian Z,» models

Quantum error correction with gauge symmetries

Abhishek Rajput &3, Alessandro Roggero & & Nathan Wiebe &

npj Quantum Information 9, Article number: 41 (2023) | Cite this article o

Fault-tolerant simulation of Lattice Gauge Theories with gauge covariant codes

Luca Spagnoli* and Alessandro Roggero!
Dipartimento di Fisica, University of Trento, via Sommarive 14, I-38123, Povo, Trento, Italy and
INFN-TIFPA Trento Institute of Fundamental Physics and Applications, Trento, Italy
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From NISQ to Fault Tolerant
Physics Aware Sequency Hierarchies

Physical Qubits

Logical Qubits

Hierarchical qubit maps and hierarchically implemented quantum Sequency Hierarchy Truncation (SeqHT) for Adiabatic State Preparation and Time
error correction Evolution in Quantum Simulations
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Beyond NISQ:
FaultTolerance and Error
Correction

- Fault Tolerance and Error Correction Is essential for quantum
computers to pbe able to perform usetul tasks

- Quantum information 1s stabilized against environment oy
classical measurements and feedback

- [Ntegration into physics simulations 1s now peing explored




Quantum Complexity
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Quantum information science and guantum
computing:

. providing new insights into guantum many-body systems

- changing how we work with guantum many-body systems

« moving toward providing predictions for fundamental physics that
cannot be obtained with classical computing alone

» most effective when integrated with Al
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