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Quantum memory kan nikehin dara sii bi 0 se 11 tObi

— milestone gidi nda, ati machine ti ko tii j€

Google Quantum Al fi han ni kedere fiin igha akoko pé surface-code quantum memory lé run below
threshold: bi code se lo ldti distance 3 si 5 si 7, logical error rate din exponentially, largest 101-qubit
distance-7 memory si pé ju best physical qubit ré lo — beyond breakeven — pélii real-time error correction.
Milestone engineering gidi ni. Sugbon logical qubit kan ni to 7 sisé bi memory, error rate ré si jin si ohun
ti real algorithms nilo, ko si logical gates, unexplained error floor si wa.
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AKkOko ti curve naa bere sii te si ona to to

Fin odtin ogbon, quantum asise correction ti dird 1611 11éri kan ti a ko tii fi han ni ona té m¢. Theory so pé ti o ba
tan unit kan ti quantum information — logical qubit kan — kéakiri opod noisy physical qubits, ti physical qubits
nda si ddra td, fifi si i qubits kiin un ye ki 6 mu logical qubit nda ddra sii, peld asise ti i subd exponentially bi code
se i tébi. Catch nda wa nind “if”: ni isale critical ariwo threshold, si i qubits ii ran 16wd; ni 16ke r¢, si i qubits kan i
fi ariwo kin un. Gbogbo iddnwo sddji wa ni apa t6 burd ti line nda, tabi won ko fi trend nda han ni kedere. Nigba

code ba 11 tébi, nikan mda 1 buru, ki 1 se ddra.

Ni December 2024, Google Quantum Al royin demonstration t6 m¢ akoko ti regime keji. Lori Willow, generation
tuntun ti superconducting processors won, won ko surface-code memories ni code distances 3, 5 ati 7, won si ri
logical asise rate din kit ni gbogbo igba ti code ba tébi — ni factor A = 2.14 £ 0.02 fin gbogbo steps méji ti
ijinna ba ga. Largest won, 101-qubit distance-7 irdnti, pa logical qubit m¢ peld asise 0.143% =+ 0.003% per cycle
of correction, ati — akolé t6 wa nint akolé — & pé ju best physical qubit tiré lo, ni factor 2.4 + 0.3. Eyi ni a i pe
ni “beyond breakeven,” 6 si j¢ igba akgk¢ ti gbogbo apparatus asise correction ti san owé complexity r¢ pada 16ri

hardware yii.

Eyi jé milestone gidi, 6 si ye kd so ird milestone wo ni peld precision. O jé proof pé scaling nda ti 11 1o si itdsona
t6 td. Ki 1 se working quantum computer, iwé iwddii nda ko si claim bée.

Ki ni “surface code,” “distance” ati "below threshold” timo si?

Logical qubit jé protected unit kan ti quantum information ti a encode koja opo physical qubits. Surface
code jé Ona paté lati se encoding yen 16ri 2D grid, nibi ti extra “measure” qubits ti i check asise 1éraléra
lai disturb stored information. Code ijinna d ki i se physical ijinna: 6 jé smallest number ti well-placed
asise t6 le corrupt logical qubit 14i jé ki code mo. Larger d timo si patch t6 t6bi, robust sii — 6 i lo si i
physical qubits (roughly 24> — 1), 6 si correct si i simultaneous asise, titi dé (d — 1)/2. Nitori naa sizes
méta ti a iddnwo nihin-in, distances 3, 5 ati 7, correct 1, 2 ati 3 simultaneous asise, won si lo roughly 17,
49 ati 97 physical qubits — distance-7 irdnti Google lo 101, di¢ l6ke textbook minimum.

“Below threshold” ni phrase t6 se pataki ju. Error correction mda i ran Iow¢ nikan ti physical asise rate ba
wa ni isale critical value; nib¢, gbogbo mu po si i nind ijinna maa i suppress logical asise rate exponentially.
Suppression factor A ni A won eyi — A > 1 timo si pé growing code helps, higher A si dara sii. Google
royin A & 2.14, timo si gbogbo mu po si i two-step nind ijinna din logical asise rate roughly ni idaji. P€ A

wa comfortably above 1 ni gbogbo esi.
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Quantum error correction cycle, t

Bi logical asise se n ko jo koja correction cycles, fun distance-3, -5 ati -7 memories (l6ké si isale). Line ti o ye ka
wo ni green dashed O0kan — best single physical qubit 16ri chip. Distance-7 iranti (blue, lowest) n ko asise jo Iora
ju line yen lo, nitori naa encoded qubit n pé ju best physical qubit ti a fi ko 6 — “beyond breakeven,"” ni factor
2.4x. Eyi ni lifetime ési; below-threshold suppression funra ré (A = 2.14, bi code se lo Iati ijinna 3 si 5 si 7) wa
nind numbers text.

Google Quantum Al and Collaborators / Nature CC BY-NC-ND 4.0

Ohun ti awon olukowé se

« Won ko surface-code memories 16ri Willow chips mé;ji: 105-qubit processor kan té run distance-3, -5 ati -7
codes fun scaling idanwo (largest r¢ jé 101-qubit, 49-data-qubit distance-7 irdnti), ati 72-qubit processor kan
t6 run distance-5 irdnti peld real-time decoder ati high-distance repetition codes.

« Woén won bi logical asise per cycle se yi bi won se po code ijinna lti 3 si 5 si 7, wdn si extract suppression
factor A.

« Won fi lifetime logical qubit wé best individual physical qubit 16ri chip kan nda 14ti iddnwo “breakeven.”

« Won run distance-5 code peli real-time decoder — classical hardware t6 1 interpret asise checks ni speed ti
woén 11 jade — fin titi dé million cycles, lati fi han pé asise correction lé keep up peld machine.

« Won push simpler repetition codes titi dé ijinna 29 14ti wé rare, deep asise orisun t6 1i set floor 16ri perfor-
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mance.

Ohun ti won ri

Code naa wa below threshold. Logical asise per cycle din ki ni A = 2.14 £ 0.02 fiin gbogbo mu po si i
méji nind ijinna — clean exponential suppression, thuwasi ti aba-¢k¢ seléri ti processor kankan ko tii fi han
definitively.

Distance-7 iranti dé 0.143% =+ 0.003% asise per cycle, 6 si p¢ 2.4 + 0.3 times longer ju best physical qubit
r¢ — beyond breakeven.

Real-time decoding keep up. Decoder ni average latency 63 microseconds ni ijinna 5, against 1.1-
microsecond cycle akéko, sustained koja million cycles — asise correction 1 run live, ki 1 se after-the-fact
itapal¢ nikan.

Rare, deep asise orisun kan si wa. Nini repetition-code idanwo, performance ni aala nikehin nipa correlated
asise bursts ti A selé roughly léekan léwadkati (nipa Okan in every 3 x 10° cycles), t6 1i set asise floor near

10710 1 origin re onkowé so pé a ko tii loye.

Ohun ti eyi ko fi eri mule

Ki i se quantum computer té 1i se computation. Eyi jé quantum irdnti: 6 1 store, 6 si protect logical qubit kan.
Ko perform logical operations (gates) ldadrin logical qubits, ko si run algorithm.

Ki i se pé qubit kan soso 16 ku si useful machines. Distance-7 logical qubit lo nipa 101 physical qubits; 0.1%-
per-cycle asise rate si ga gan-an ju roughly 1076 si 10! ti gidi algorithms nilo. Closing gap yen timo si
much larger distances — si i physical qubits per logical qubit — useful algorithms si nilo thousands of logical
qubits at once. Physical-qubit budget yen 1¢ lo si millions.

Ord “if scaled” se isé gidi. Conclusion iwé iwadii funra ré ni pé device performance, if scaled, 1& meet
requirements of large algorithms. Fifi trend t6 t6 han 16ri logical qubit kan ki 1 se ohun kan nda peld scaled
machine, ko si si ohun nihin-in té guarantee pé trend yen y6o survive larger sizes.

Unexplained asise floor jé live isoro. Correlated bursts t6 cap repetition-code performance jé, ni Oro Onkowé,
orders of magnitude larger than expected, won si maa preclude larger fault-tolerant applications titi a fi 16ye
won — open flaw, ti a so kedere, ki 1 se solved detail.

Ko so niikan nipa breaking encryption tabi ‘“quantum supremacy” fiin useful isé-sise. Wén nilo full fault-

tolerant machine ti esi yii jé foundation stone fun, ki 1 se demonstration nda funra r¢.

Bawo ni eri se lagbara t6?

Core claim naa solid, 6 si se pataki. Below-threshold operation pelui clean exponential suppression koja code
distances méta, plus beyond-breakeven lifetime ati working real-time decoder, ni combination ti field ti fi 1€
fin odin, a si demonstrate re taara dipo inference. Ki 1 se hype artefact; engineering esi gidi ni 14ti leading
egbé.
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- onkowé sora nipa scope. Wén frame r¢ gégé bi below-threshold irdnti, won flag unexplained correlated-error
floor fiinra won, won si hedge future 16ri conspicuous “if scaled.” Overreach, nibi ti 6 ba wa, sdba w4 lati
coverage t6 yi “error-corrected irdnti qubit improved as it grew” si “quantum computing is here.”

- Honest status ni foundational step ti a se cleanly. Logical qubit kan, protected t6 bé¢ ti adding redundancy
fi i ran 4n 16wo nikehin — sugbdn long, hard, not-guaranteed road ti scaling, logical gates ati unexplained

asise si wa niwdju.

Ki nidi ti 6 fi se pataki?

Fault-tolerant quantum computing ti ni chicken-and-egg feel lati ibér¢: machines ti y6o wilo nilo asise rates ti
physical qubit kankan ko I¢ dé, solution nda — asise correction — si 1 sis€ nikan ti hardware bd ti ddra t6 14ti wa
below threshold. Crossing line yen, padpad lé¢kan, padpad 16ri single logical qubit, yi ibéeére kuro ni “sé eyi see se
rara?” si “bawo ni a se ¢ scale 1& jin, bawo si ni a se I& se yara?” Eyi jé meaningful shift gidi, idi niyen ti &si ye
attention.

Stugbén iséra kan nda té ma esi trustworthy ni ye ki 6 temper itan t6 yi i ka. Eyi ni brick akoko ti foundation, ti
a fi sil¢ ddadda. Ki 1 se building, awon t6 fi brick néa sile si jé eni akoko lati so bée. Ona t6 t6 14ti telé quantum
computing ni odin té A bo ni curve ti ko ni glamour yii: béya suppression factor diré bi codes se i tébi, boya
logical gates I se cleanly bi logical irdnti, ati boyd mysterious once-an-hour asise yen y60 ni explanation.

Akoétan kedere

Google Quantum Al fi han ftn igba akdké ni ona t6 m¢ pé surface-code quantum irdnti 1& sisé below threshold:
bi won se po code l4ti ijinna 3 si 5 si 7, logical asise rate din exponentially (ni ayikd 2.14x fin every méji
steps), largest — 101-qubit distance-7 irdnti — si pé ju best physical qubit r¢ lo, beyond breakeven, nigba ti asise
correction A run gidi akéko. Eyi jé milestone gidi, ti field ti i reti, nind engineering of quantum computers. Siigbén
logical qubit kan ni t6 1 sisé bi irdnti, asise rate r¢ si jin si ohun ti gidi algorithms nilo, ko si logical operations,
unexplained asise floor wa, scaling road si tin gun 16po orders of magnitude. Threshold gidi ni a koja — ki i se
quantum computer ti a ti fi 1¢ wa 16wd.

Awon orisun

Google Quantum Al and Collaborators, Quantum error correction below the surface code threshold, Nature
638, 920 (2025)
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Author Correction: Quantum error correction below the surface code threshold, Nature 653, E5 (2026) —
corrects a Fig. 3a axis label and legend keys; does not affect the below-threshold (Fig. 1) results
https://www.nature.com/articles/s41586-026-10559-8
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