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GOAL OF ERROR CORRECTION

U To preserve messages sent through a noisy transmission channel by encoding the me:
INn anerror-correcting code
A More preciselyto make sure the rate of corruption of encoded (ilegical) information
IS lower than that of the same information sent without the extra encoding step.
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QEC: ORIGINS & GROWTH

Google Scholar search: "quantum error correction”
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Peter Shor: 2000

U Quantum errofrcorrecting codes (1995)
U Faulttolerant syndrome measurement (1996) 1500
U Faulttolerant universal quantum gates (1996) ., I I
0 Using QEC to prove security of QKD (2000) I I
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Alexei YuKitaev. Other pioneers:

(i Topological quantum codes 219%03) | U Stabilizer codes (GottesmarCalderbankRains, Shor, Sloane)
U Physically protected quantum computing (1997) U FT error correction (Shdgteane Knil)

0 Computing with nonabeliaanyons(1997) U QEC conditionpil, Laflamme)

(i CSSo-homology dictionary (1998) U Concatenated threshold theoremAlharonoy BenrOr)

U Magic state distillation (1992004)

U Majorana modes in quantum wires (2000) Some material from: Preskil] QEC 2017 tal



THE MANY TOPICS OF QEC

1. Deterministic or random code constructions that redociundary of what is possible

A MDS, perfect, random quantum, generalized homological product, good QLDPC, sin
bound approaching approximate, covariant, locally testatsierthogonal

2. Constructingpractical codedor nearterm realization.

A 2-3D surface, 8D color, dynamically generateBloquet spacetime circuit}etron
Majorana, singleshot, selfcorrecting quantum, clustestate, homological rotor

3. Working with a quantum device t@alize codes

A repetition, small distance block, 2D rotated surface, 2D color;damponent cat, square
and hexagonalattice GKP, duahll

4. Relating phases a@fuantum matterto error-correcting codes.
A geometrically local Hamiltoniabased (topologicafracton, ETH, MPS)

5. Relatinggravitational field theories among others, to errecorrecting codes.
A holographic HaPPY, renormalization group cat, matrix model

6. Development of codes faensing/metrology E%o
A Error-corrected sensing, metrological https://errorcorrectionzoo.org/



INTRO TO QEC:
A CODE IS A SUBSPACE



ALPHABETS AND HILBERT SPACES

X classical states (elements of X) quantum states (functions on X)
Ly = Fy bits qubits

Fy g-ary strings (Galois qudits

L, g-ary strings over Z, modular qudits

R™ reals oscillators

G finite group group-valued qudit

Table 1: Common classical alphabets and their corresponding quantum Hilbert spaces.




ONE ROUND OF QEC Measure the

syndrome, not the

data!

Lookup table

Syndrome Likely error
o p for [Tt Mi)hgp pid 1,41 111
P p for |1t pAdhgp ™A +1, -1 I1X
o 1,41 XII
| o) o for |wrt fwp p —1,—1 IXT

p for Wt phikp it
A To resolve code and error spacesr¢r diagnosi3, measure eigenvalues of commuting set

!!!!!

observablesdheck operatorshere, G&dd Odwith @ , ) and apply recoveryY
conditional on paritycheck eigenvaluee(ror syndrome. This i©ne roundof correction:

1. Diagnhose measure error syndromes using ancillary qubits.
2. Decode given a syndrome, determine which recovéYso apply.

A Correction rounds generalize straightforwardly to other types of errors and other codes.



ERROR SPACE STRUCTURE Noise is continuous

but measured errors

are discrete!

1. Check operator measurement collapses system
onto codespacer an error space.

2. Paulisare a basis for singlgubit operators
A General errors ardetectabld

Example Z-axis rotation:
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The result superposition of error space collapses to ¢ :
error space upon a round of EC:

L'Z4pp)y = cosO|r) —isind 1% |p)

= cos 0 (co|0p) +c1|lp)) —isinf (co|0z) + c1]|lz))



GENERAL QEC CONDITIONS

U ErrorsO aredetectableiff they act trivially on the codewords:
1. Environment does not distinguish codewords

Error-detection conditions
(0L|E;[0L) = (1L|Ej[1L)  =————— g p i
. - = C;
2. Environment cannot connect dlstIW j J
(0L|Ej|1L) = (11| E;]0L) =0 P =0L 0]+ 1L 11|
Example constant need not be zero: ZZII0r)=10z) and  ZZII|1p)=|11)
U ErrorsOf mapping to Error-correction conditions

XRATFSNBY (I SHNARBNI hddhrOde@ctabléNS
Xsame error space armerrectableif detectable + undo each othe

, PE!E.P=cjP

Example singlequbit bit flips are not correctable for forqubit code b/c they cannot
undo each other: XIII =1IXII- Xy

(1.|ETEs|0L) = (1| XX T110L) = (1] X.[0.) =1 #0.



ENVIRONMENTAL PERSPECTIVE IS USEFUL
J =

N(pL) = Weny {UN'OLUJD} N(prL) = trsys {UNPLU];[}
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Reln to data processing
inequality:
guantph/9604034

[25] = quantph/9604022



