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Lots of work in the past two years that study logical computation on QLDPC codes.
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Aforementioned surgery systems all take O(d) time to implement one round of logical gates.
¢ This is a crucial bottleneck. After all, we cannot build more time.

This talk: breaking the O(d) time barrier to implement surgery in O(1) time.

Formulation of fast surgery as constant-time surgery from [1]
¢ O(d) surgery operations in O(d) time.

Construction on 2-dimensional hypergraph product codes

¢ Fast, partially addressable and parallel measurements in almost constant space overhead,
on any hypergraph product code.
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Ex: Measuring X, X,

0%, = 18

o Switch to deformed/merged code where logical operator to be measured = products of
stabilizers(t]

e Measurement errors — need to repeat for O(d) rounds.

[1] Vuillot et al. NJP 21 (2019).
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What is the surgery procedure now?

Want fault-distance d for data qubit & measurement errors
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Is this fault-tolerant?

1. 1round in the base code C,
2. 1round in the deformed code (measure Z)
3. 1round in the base code C,

T

Start: Init. AO quitS n ‘ + > Measure Z
Finish: measure A, qubits in X

Measure Z

Meta- Z Qubits A o State preparation-like error. Pauli frame is
checks checks checks random after surgery.
A, = - A - A, - A e Only 1roundin C, to learn the new

stabilizer values — incorrectly inferred
]\ \ \ Pauli frame

N PR Co e Can affect future logical operations

Updated after X measurement, random.
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Compacted code

e Theoretical tool to show that surgery does not reduce the code distance
e Not necessarily LDPC

e Need to consider all surgery systems together — logicals may be weight
reduced across different surgery systems.

For i € [t] surgeries, the compacted code is:

Meta- Z bit X
checks checks Qubits checks

Ali], = [5 zE[t]A[l]Z] [6 et Altly ] ai) [ ze[t]A[’]Ol [6 ze[t]A[i]—l]
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[.ow-overhead construction for the HGP code

Given an [[n, k, d]]| hypergraph product code, we can construct a sequence of LDPC ancillary complexes
that:

¢ Large fault distance: Satisfies fault tolerance conditions for constant time surgery.

¢ Parallel, partially addressable measurements: Parallelized measurement of rows (and
columns) of Z (X) logical operators.

® Constant time per measurement: Each surgery operation takes ©O(1) time in amortization.

¢ Low space overhead: Each complex uses O(nlog(n)) physical ancilla qubits.



2D hypergraph product codes
Family of codes that can achieve [[n, O(n), 0(\/5 )]]

“2D” refers to the product of two classical codes

No single-shot state preparation.



2D hypergraph product codes
Family of codes that can achieve [[n, O(n), 0(\/5 )]]

“2D” refers to the product of two classical codes

No single-shot state preparation.

Classical code 1: C, = C, % Co



2D hypergraph product codes
Family of codes that can achieve [[n, O(n), 0(\/5 )]]

“2D” refers to the product of two classical codes
No single-shot state preparation.
Bits

Classical code 1: C, = C, % Co



2D hypergraph product codes
Family of codes that can achieve [[n, O(n), 0(\/5 )]]

“2D” refers to the product of two classical codes

No single-shot state preparation.

Bits _ Checks
Classical code 1: C, = C; = C,



2D hypergraph product codes
Family of codes that can achieve [[n, O(n), 0(\/5 )]]

“2D” refers to the product of two classical codes

No single-shot state preparation.

Bits _ Checks
Classical code 1: C, = C; = C,

0
Classical code 2: D, = D; — D,



2D hypergraph product codes
Family of codes that can achieve [[n, O(n), 0(\/% )]]

“2D” refers to the product of two classical codes

No single-shot state preparation.

Bits _ Checks
Classical code 1: C, = C; = C,

0
Classical code 2: D, = D; — D,



2D hypergraph product codes
Family of codes that can achieve [[n, O(n), 0(\/% )]]

“2D” refers to the product of two classical codes

No single-shot state preparation.

Bits _ Checks
Classical code 1: C, = C; = C,

0
Classical code 2: D, = D; — D,

The hypergraph product of these codes is

o
RN
C1®D1 CO®DO
o
C%‘C()@Dl GBBO



2D hypergraph product codes
Family of codes that can achieve [[n, O(n), 0(\/% )]]

“2D” refers to the product of two classical codes

No single-shot state preparation.

Bits _ Checks
Classical code 1: C, = C; = C,

0
Classical code 2: D, = D; — D,

The hypergraph product of these codes is



2D hypergraph product codes

Family of codes that can achieve [[n, O(n), 0(\/5 )] The hypergraph product of these codes is

“2D” refers to the product of two classical codes

Qubits

No single-shot state preparation. Z
checks
Bits Checks . c/' @ 4

Classical code 1: C, = C, % Co
a o= 100,
Classical code 2: D, = D; — D, Q}A . [\l




2D hypergraph product codes

Family of codes that can achieve [[n, O(n), 0(\/5 )] The hypergraph product of these codes is
“2D” refers to the product of two classical codes

No single-shot state preparation. 7 Qubits X

checks - 2 checks
: C, D, |
B1ts Checks \ C/v 1 0 ®6

Classical code 1: C, = C, % Co
Classical code 2: D, = D; — D, Q}A . [\l




2D hypergraph product codes
Family of codes that can achieve [[n, O(n), 0(\/5 )]]

“2D” refers to the product of two classical codes

No single-shot state preparation.

Bits _ Checks
Classical code 1: C, = C, % Co

0
Classical code 2: D, = D; — D,

The hypergraph product of these codes is

7 QllbitS X



2D hypergraph product codes
Family of codes that can achieve [[n, O(n), 0(\/5 )]]

“2D” refers to the product of two classical codes

No single-shot state preparation.

Bits _ Checks
Classical code 1: C, = C, % Co

0
Classical code 2: D, = D; — D,

The hypergraph product of these codes is

7 QllbitS X



2D hypergraph product codes

Family of codes that can achieve [|[n, O(n), 0(\/% )] The hypergraph product of these codes is

“2D” refers to the product of two classical codes

No single-shot state preparation. Qubits
checks d checks
. C ® D, Ll Cc®
Blts Checks \c 1 0 4
Classical code 1: C, = C, % Co
a c@D).- ﬂ cen)]
Classical code 2: D. = D, = D
o 1 — o %

Each row (col) — -
corresponds to Limited addressability, parallel

a COdeWOfd of measurements
D. (¢7) We can measure rows of Z logicals (or

)
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product codes
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We can implement Clifford gates on QLDPC codes, by measuring logical Paulis.

To implement non-Clifford gates, we can measure logical Cliffords.

Example: Magic state cultivation on topological codes:

P e Uses post-selection on flagged
& —_— —|SElJHy|— - cat state measurements
|! Il
| T) Measure H | T') e Magic state in a low-rate code

This talk: e Aim to have an error-corrected code ¢ Magic states/non-Clifford gates in
surgery primitive high-rate codes

We can measure logical Cliffords in QLDPC codes with large fault-distance.

On topological codes, see related work by Brown. Sci. Adv. 6 (2024), Davydova, et al. PRX 16.3 (2026), See also, Christos et al. [2602.12228].
Bauer, Magdalena de la Fuente PRXQ 7.2 (2026). Williamson [2601.22939]. Zhu, et al.
Practical implementation: Scruby, et al. Quantum 6 (2022), Magdalena de la Fuente, et al. [2604.02033] [2601.06736].
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Consider a CSS code C with an order-2 Clifford logical operator T. (T? = I)
Let T be decomposable into a tensor product of constant-sized operators { T},

T=0,T, T, = 0(1)

Then there is a protocol that switches to a gauged code, Cg, that measures T.
The whole protocol has an adversarial fault-distance to data qubit and measurement errors that is

dp > dly y > 1,andy = O(1).
Time
1. Start in a CSS code C with a logical Clifford T
C 2. Add ancilla qubits, measure stabilizers of C,

3. Return to C.

Next: what 1s Cg?

d rounds d rounds d rounds
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Ex. Hyy = H%’{l Single-qubit vertex sets
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sets: (ctrl, tar) pair

A stabilizer of C deforms non-trivially.
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1. Partition data qubits into constant-sized vertex sets.

2. Construct a sufficiently expanding graph with | V| vertices and a sparse cycle basis [WY24].
3. For each vertex, initialize | 4+ ) & for each edge, initialize |0).

4. Apply C T, foreachv.
5. Apply C X, for each e € o(v). H y =T

. 4 Tantivasadakarn, et al. PRX 14 (2024)
6. Measure 8.11 172800 X . V Christos, et al. [2602.12228]



Properties of the gauged code



Properties of the gauged code
M Some product of stabilizers of Cg should equal the Clifford logical, T. ( H A =T)



Properties of the gauged code

M Some product of stabilizers of C, should equal the Clifford logical, T. ( H A =T)
M LDPC



Properties of the gauged code

M Some product of stabilizers of C, should equal the Clifford logical, T. ( H A =T)
M LDPC
M’ Stabilizers are unitary (potentially non-Pauli)



Properties of the gauged code

M Some product of stabilizers of C should equal the Clifford logical, T. ( H A =T)
™ LDPC

M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)



Properties of the gauged code

M Some product of stabilizers of C should equal the Clifford logical, T. ( H A =T)
M LDPC
M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (H A, =T)
M LDPC
M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (H A, =T)
M LDPC
M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace

Ex. Stabilizers of BB code when gauging transversal CX



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (H A, =T)
™ LDPC
M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace

Ex. Stabilizers of BB code when gauging transversal CX

A decorated X-stabilizer
of the control BB code



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (HA\ - T)
™ LDPC

M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace

Ex. Stabilizers of BB code when gauging transversal CX

@
@
® (QQubits of control BB e o
codeblock °
Qubits of target BB
codeblock

A decorated X-stabilizer
of the control BB code



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (H A, =T)
M LDPC
M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace

Ex. Stabilizers of BB code when gauging transversal CX

® (Qubits of control BB -
codeblock . .‘ ........
Qubits Of target BB ..............
codeblock

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

® Gauging graph

vertices A decorated X-stabilizer

of the control BB code



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (HA\ - T)
M LDPC

M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace
Ex. Stabilizers of BB code when gauging transversal CX

® (Qubits of control BB
codeblock

Qubits of target BB
codeblock

—O0— Edge qubits

® Gauging graph

vertices A decorated X-stabilizer

of the control BB code



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (HA\ - T)
M LDPC

M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace

Ex. Stabilizers of BB code when gauging transversal CX

............. .
® (QQubits of control BB %&1 _____
codeblock Q% ________ .
QUbitS Of target BB A
codeblock
—o~ Edge qubits %o

® Gauging graph

vertices A decorated X-stabilizer

of the control BB code



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (HA\ - T)

M LDPC
M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace

Ex. Stabilizers of BB code when gauging transversal CX

—— Physical CX

® (QQubits of control BB
codeblock

Qubits of target BB
codeblock

—O0— Edge qubits

® Gauging graph
vertices

A decorated X-stabilizer
of the control BB code



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (HA\ - T)

M LDPC
M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace

Ex. Stabilizers of BB code when gauging transversal CX

—— Physical CX

® (QQubits of control BB
codeblock

Qubits of target BB
codeblock

—O0— Edge qubits

® Gauging graph
vertices

A decorated X-stabilizer A vertex stabilizer to
of the control BB code measure logical CX



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (HA\ - T)

M LDPC
M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace
Ex. Stabilizers of BB code when gauging transversal CX [A,B]:= ABA~!B~! =1ifA, B commute

—— Physical CX

® (QQubits of control BB OO0
codeblock v_’.oé)) O
Qubits of target BB N
codeblock

—O0— Edge qubits
® Gauging graph Av = (X C};[ 5)(()0
: %

vertices A decorated X-stabilizer A vertex stabilizer to

of the control BB code measure logical CX



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (HA\ - T)

M LDPC
M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace
Ex. Stabilizers of BB code when gauging transversal CX [A,B]:= ABA~!B~! =1ifA, B commute

—— Physical CX

® (QQubits of control BB OO0
codeblock v_’.oé)) O
Qubits of target BB N
codeblock

—O0— Edge qubits ’
® Gauging graph Av = (X C};[ 5)(()0
: %

vertices A decorated X-stabilizer A vertex stabilizer to

of the control BB code measure logical CX



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (HA\ - T)

M LDPC
M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace
Ex. Stabilizers of BB code when gauging transversal CX [A,B]:= ABA~!B~! =1ifA, B commute

—— Physical CX

® (QQubits of control BB
codeblock

Qubits of target BB —
codeblock —
—O— Edge qubits
® Gauging graph SX = H X
vertices A decorated X-stabilizer A vertex stabilizer to An X-stabilizer of

of the control BB code measure logical CX target BB code



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (HA\ - T)

M LDPC
M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace
Ex. Stabilizers of BB code when gauging transversal CX [A,B]:= ABA~!B~! =1ifA, B commute

Error — -1
eigenspace of

—— Physical CX

® (QQubits of control BB
codeblock

Sy —= S, A

Qubits of target BB — stabilizers do
codeblock
not commute
—O— Edge qubits
® Gauging graph SX = H X
vertices A decorated X-stabilizer A vertex stabilizer to An X-stabilizer of

of the control BB code measure logical CX target BB code



Properties of the gauged code

[ Some product of stabilizers of C, should equal the Clifford logical, T. (HA\ - T)

M LDPC
M’ Stabilizers are unitary (potentially non-Pauli)

M Stabilizers commute (in some eigenspace)
M Any logical representative of Cg is supported on at least d qubits (good spatial distance)

Stabilizers commute, but only in the codespace
Ex. Stabilizers of BB code when gauging transversal CX [A,B]:= ABA~!B~! =1ifA, B commute

Error — -1
eigenspace of

Sy —= S, A

—— Physical CX

® (QQubits of control BB
codeblock

Qubits of target BB — stabilizers do
codeblock
not commute
—O— Edge qubits
® Gauging graph SX = H X
vertices A decorated X-stabilizer A vertex stabilizer to An X-stabilizer of

of the control BB code measure logical CX target BB code



Changes to fault-tolerance in the gauged code



Changes to fault-tolerance in the gauged code

In contrast to normal, Pauli stabilized codes, detectors can now be [S, A 1= S,
randomized from errors!



Changes to fault-tolerance in the gauged code

In contrast to normal, Pauli stabilized codes, detectors can now be [S, A 1= S,
randomized from errors!

Regular detectors : flip near anticommuting Pauli/measurement error.

Dropped detectors : irregardless of faults, returns random outcomes.



Changes to fault-tolerance in the gauged code

In contrast to normal, Pauli stabilized codes, detectors can now be [S, A 1= S,
randomized from errors!

Regular detectors : flip near anticommuting Pauli/measurement error.

Dropped detectors : irregardless of faults, returns random outcomes.

Time
>

Space



Changes to fault-tolerance in the gauged code

In contrast to normal, Pauli stabilized codes, detectors can now be [S, A 1= S,
randomized from errors!

Regular detectors : flip near anticommuting Pauli/measurement error.

Dropped detectors : irregardless of faults, returns random outcomes.

Time
>

To show large distance to Pauli and measurement errors,
we use the following convenient observations:

Space



Changes to fault-tolerance in the gauged code

In contrast to normal, Pauli stabilized codes, detectors can now be
randomized from errors!

Regular detectors : flip near anticommuting Pauli/measurement error.

Dropped detectors : irregardless of faults, returns random outcomes.

To show large distance to Pauli and measurement errors,
we use the following convenient observations:

When Clifford T is order-2, stabilizer-randomizing errors are
detected by stabilizers that are never random.

Time
>

[S, A,] =S5,

Space



Changes to fault-tolerance in the gauged code

In contrast to normal, Pauli stabilized codes, detectors can now be [S, A 1= S,
randomized from errors!

Regular detectors : flip near anticommuting Pauli/measurement error.

Dropped detectors : irregardless of faults, returns random outcomes.

Time
>

To show large distance to Pauli and measurement errors,
we use the following convenient observations:

When Clifford T is order-2, stabilizer-randomizing errors are
detected by stabilizers that are never random.

Space
+ LDPC-ness



Changes to fault-tolerance in the gauged code

In contrast to normal, Pauli stabilized codes, detectors can now be [S, A 1= S,
randomized from errors!

Regular detectors : flip near anticommuting Pauli/measurement error.

Dropped detectors : irregardless of faults, returns random outcomes.

To show large distance to Pauli and measurement errors,
we use the following convenient observations:

Time
>

When Clifford T is order-2, stabilizer-randomizing errors are
detected by stabilizers that are never random.

Space
+ LDPC-ness

Randomized stabilizers are in some bounded spacetime radius
around an undetectable fault.



Changes to fault-tolerance in the gauged code

In contrast to normal, Pauli stabilized codes, detectors can now be
randomized from errors!

Regular detectors : flip near anticommuting Pauli/measurement error.

Dropped detectors : irregardless of faults, returns random outcomes.

To show large distance to Pauli and measurement errors,
we use the following convenient observations:

When Clifford T is order-2, stabilizer-randomizing errors are
detected by stabilizers that are never random.

+ LDPC-ness

Randomized stabilizers are in some bounded spacetime radius
around an undetectable fault.

[S, A,] =S5,

Time Q

Space

m— [qults



Changes to fault-tolerance in the gauged code

In contrast to normal, Pauli stabilized codes, detectors can now be
randomized from errors!

Regular detectors : flip near anticommuting Pauli/measurement error.

Dropped detectors : irregardless of faults, returns random outcomes.

To show large distance to Pauli and measurement errors,
we use the following convenient observations:

When Clifford T is order-2, stabilizer-randomizing errors are
detected by stabilizers that are never random.

+ LDPC-ness

Randomized stabilizers are in some bounded spacetime radius
around an undetectable fault.

[S, A,] =S5,

),
OO

Space

m— [qults

Randomized/
dropped detectors

Time
>




Changes to fault-tolerance in the gauged code

In contrast to normal, Pauli stabilized codes, detectors can now be
randomized from errors!

Regular detectors : flip near anticommuting Pauli/measurement error.

Dropped detectors : irregardless of faults, returns random outcomes.

To show large distance to Pauli and measurement errors,
we use the following convenient observations:

When Clifford T is order-2, stabilizer-randomizing errors are
detected by stabilizers that are never random.

+ LDPC-ness

Randomized stabilizers are in some bounded spacetime radius
around an undetectable fault.

Ex [S, AT = S

Spacetime volume

),
OO

Space

m— [qults

Randomized/
dropped detectors

Time
>

The fault distance to Pauli and measurement errors is d/y

(distance reduced by some constant depending on the connectivity of C,)



Intuition for the adversarial setting

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.



Intuition for the adversarial setting

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.



Intuition for the adversarial setting

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

Two subsets of checks:
e N -type checks

e C -type checks



Intuition for the adversarial setting

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

Two subsets of checks: IN_ N =1
o N -type checks IN,C.]| =1
o C -type checks [C,C; 1 €(N)




Intuition for the adversarial setting

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

Two subsets of checks: IN_ N =1 ‘
o N -type checks IN,C.]| =1
o C -type checks [C,C; 1 €(N)

e N-type checks always commute.



Intuition for the adversarial setting

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

Two subsets of checks: IN N =1
e N -type checks [N, C; 1 =
e C -type checks [C,, Cj] € (N)

e N-type checks always commute.
o Faults that flip N are the only ones that cause (C-type) stabilizers to not commute.



Intuition for the adversarial setting

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

e N-type checks always commute.
e Faults that flip N are the only ones that cause (C-type) stabilizers to not commute.



Intuition for the adversarial setting

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

e N-type checks always commute.
e Faults that flip N are the only ones that cause (C-type) stabilizers to not commute.

Randomized stabilizers are in some bounded spacetime radius around an

undetectable fault.




Intuition for the adversarial setting

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

e N-type checks always commute.
e Faults that flip N are the only ones that cause (C-type) stabilizers to not commute.

Randomized stabilizers are in some bounded spacetime radius around an

undetectable tault.
LDPC-ness:




Intuition for the adversarial setting |—|_

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

e N-type checks always commute.
e Faults that flip N are the only ones that cause (C-type) stabilizers to not commute.

Randomized stabilizers are in some bounded spacetime radius around an

undetectable tault.
LDPC-ness:

e Error ® can only flip O(1) stabilizers around it. Say it violates N

N

[ ) N-type check



Intuition for the adversarial setting |—|_

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

e N-type checks always commute.
e Faults that flip N are the only ones that cause (C-type) stabilizers to not commute.

Randomized stabilizers are in some bounded spacetime radius around an

undetectable tault.
LDPC-ness:

e Error ® can only flip O(1) stabilizers around it. Say it violates N

o IfN =[C,, C.]it must be that Supp(N) C Supp(C,) U Supp(C))

[ ) N-type check
. C-type check



Intuition for the adversarial setting |—|_

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

e N-type checks always commute.
e Faults that flip N are the only ones that cause (C-type) stabilizers to not commute.

Randomized stabilizers are in some bounded spacetime radius around an

undetectable tault.
LDPC-ness:

e Error ® can only flip O(1) stabilizers around it. Say it violates N

o IfN =[C,, C.]it must be that Supp(N) C Supp(C,) U Supp(C))

A space error can cause stabilizers to not commute for unbounded time

[ ) N-type check
. C-type check



Intuition for the adversarial setting |—|_

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

e N-type checks always commute.
e Faults that flip N are the only ones that cause (C-type) stabilizers to not commute.

Time
>

Randomized stabilizers are in some bounded spacetime radius around an

undetectable fault.

LDPC-ness:
e Error ® can only flip O(1) stabilizers around it. Say it violates N

o IfN =[C,, C.]it must be that Supp(N) C Supp(C,) U Supp(C))

A space error can cause stabilizers to not commute for unbounded time

[ ) N-type check
. C-type check



Intuition for the adversarial setting |—|_

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random. c.
=
o N-type checks always commute. -
o Faults that flip N are the only ones that cause (C-type) stabilizers to not commute. —— J
A (]:.
vl b
Randomized stabilizers are in some bounded spacetime radius around an E -Cj
undetectable fault. I
LDPC-ness: G
e Error ® can only flip O(1) stabilizers around it. Say it violates N ; Cj;

_________

o IfN =[C,, C.]it must be that Supp(N) C Supp(C,) U Supp(C))

A space error can cause stabilizers to not commute for unbounded time

[ ) N-type check
. C-type check



Intuition for the adversarial setting |—|_

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

e N-type checks always commute.
e Faults that flip N are the only ones that cause (C-type) stabilizers to not commute.

Randomized stabilizers are in some bounded spacetime radius around an

undetectable tault.
LDPC-ness:

e Error ® can only flip O(1) stabilizers around it. Say it violates N

o IfN =[C,, C.]it must be that Supp(N) C Supp(C,) U Supp(C))

A space error can cause stabilizers to not commute for unbounded time

[ ) N-type check
. C-type check



Intuition for the adversarial setting |—|_

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

e N-type checks always commute.
e Faults that flip N are the only ones that cause (C-type) stabilizers to not commute.

Randomized stabilizers are in some bounded spacetime radius around an

undetectable tault.
LDPC-ness:

e Error ® can only flip O(1) stabilizers around it. Say it violates N

o IfN =[C,, C.]it must be that Supp(N) C Supp(C,) U Supp(C))

A space error can cause stabilizers to not commute for unbounded time

But, errors that flip N can always be detected
[ ) N-type check

. C-type check



Intuition for the adversarial setting |—|_

When Clifford T is order-2, stabilizer-randomizing errors are detected by stabilizers

that are never random.

e N-type checks always commute.
e Faults that flip N are the only ones that cause (C-type) stabilizers to not commute.

Randomized stabilizers are in some bounded spacetime radius around an

undetectable tault.
LDPC-ness:

e Error ® can only flip O(1) stabilizers around it. Say it violates N

o IfN =[C,, C.]it must be that Supp(N) C Supp(C,) U Supp(C))

A space error can cause stabilizers to not commute for unbounded time
But, errors that flip N can always be detected

e For this space error to be undetected, a measurement error needed to have [_:] N -type check
occurred on N for each round that C; and CJ- do not commute | C-type check
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Typically one waits d rounds before inferring a correction

Non-abelian codes are trickier! Waiting d rounds before correction
leaves too many dropped detectors.

In practice, need single-shot EC or a Just-in-Time decoder to infer
corrections quickly enough for a finite threshold(z.2]

(WIP for QLDPC codes)
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More work to be done! I hive my life a quarter mile at a time - Vin Diesel

Sometimes adversarial fault distance is not enough

Typically one waits d rounds before inferring a correction

A
Non-abelian codes are trickier! Waiting d rounds before correction @
leaves too many dropped detectors. = \/
In practice, need single-shot EC or a Just-in-Time decoder to infer \
corrections quickly enough for a finite thresholdlx.2] Space
(WIP for QLDPC codes) L5
= Faults
Heuristic decoders?(3:4] Randomized/
dropped detectors
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[1] Bombin. [1810.09571] [2] Brown. Sci. Adv. 6 (2024) [3] Scruby, et al. Quantum 6 (2022). [4] Magdalena de la Fuente, et al. [2604.02033]
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How do we use this to make magic states? — what transversal Cliffords can we gauge?

Problem: Many transversal Cliffords in high rate codes are not addressable. e.g. H®*, CX®*
—Won’t get | T)®*
Solution: Instead of looking for addressable Cliffords, pay some time cost to make it work with

a transversal CX®*
| + CX)®? can be used to create | TOF) with a few

Pauli measurements.

o Initialize control logicals in | + ) and target
logicals in | 0)

e Repeatedly gauge the global T, using Pauli
measurements with feedforward control.

e | + CX)®* after O(k) measurements of T

Very mild requirement on the code (transversal CNOT) to generate magic states in situ.

In principle, any CSS QLDPC code could be turned into a magic state factory.
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Beyond magic state preparation: control-T gadget
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e We show a generalized gauging Clifford measurement gadget* for LDPC codes

o Present a simple procedure to derive unitary, LDPC stabilizers that commute in the codespace

e Show adversarial fault distance to measurement and data errors

o Examples of utility in algorithmic primitives

e Extend fault tolerance to Pauli and measurement errors where T =1, p > 2

e Just-in-time decoder with provable finite threshold

e Practical decoders and numerics: in what regimes is this primitive practically competitive?[1.2]
e Compiling into other important algorithmic primitives besides data lookup?

[1] Scruby, et al. Quantum 6 (2022). *The gauging procedure and proof of space distance more generally applies to qudit codes with
[2] Magdalena de la Fuente, et al. [2604.02033] higher-order Clifford symmetries T =1, p > 2






