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ABSTRACT

Quantum error correction is a method to reduce the effective error rate on quantum
computers so that they can be used to carry out useful computation. In this thesis,
we study two main problems: decoding quantum low-density parity-check codes

and using erasure qubits to implement error correction protocols.

In the first part of this thesis, we focus on quantum low-density parity-check codes,
which are a promising approach to reducing the spacetime overhead associated with
error correction. We show that certain families of codes with constant rate and
linear distance can be decoded efficiently. In particular, we propose a linear-time
algorithm that will correct any error affecting at most a constant fraction of the

qubits.

We also analyze the setting where the measurement outcomes given to the decoder
can be corrupted. In this more realistic scenario, the decoder is shown to have
the single-shot property. Using one round of noisy syndrome data, it can output a
correction that is close to the data error as long as at most a constant fraction of
the data qubits and syndrome bits are flipped. As a consequence, the decoder can
operate under a stochastic noise model where errors occur with sufficiently small

but constant probability.

In the second part of the thesis, we analyze quantum error-correcting codes imple-
mented using erasure qubits. The idea behind erasure qubits is to bias the noise into
a form where likely locations of errors are known, for example, by converting the
dominant noise source into detectable leakage from the computational subspace.
We provide a formalism for simulating and decoding stabilizer circuits with era-
sures, erasure checks, and resets. Using this formalism, we study the performance
of Floquet codes and show that the benefits of knowing error locations outweigh the

cost of extra noise due to erasure checks.

Lastly, we optimize erasure check schedules in the context of the surface code.
By performing simulations with one, two, or four erasure checks per syndrome
extraction round, we find different error parameter regimes where it is optimal to
use each schedule. Additionally, we provide a simplified way of decoding erasure

circuits suitable for circuits with infrequent erasure checks.
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Chapter 1

INTRODUCTION

Quantum computing brings the promise of solving many computational tasks faster
than our current classical computers. Feynman originally envisioned the ability to
simulate quantum systems efficiently [[1], which would have applications for scien-
tific discovery and industrial research. Since then, quantum algorithms have been
developed which provide speedups for search problems, optimization, cryptanalysis,
and other tasks [2]. This list would likely grow once we are able to test new ideas

on actual large-scale quantum computers.

Building a quantum computer has been a challenging endeavor for the last 40 years.
The main difficulty is that quantum systems are very fragile. The very properties that
enable quantum speedups such as superposition and entanglement make the system
susceptible to decoherence from outside noise. Such unintended interactions with
the environment during a computation would disturb the internal state of the device,
resulting in an erroneous output. Our inability to completely isolate a quantum
computer from the environment means that errors are likely to occur during any
large computation, casting doubt on the whole concept of quantum advantage. For
example, factoring RSA-2048 requires around 10° operations [3]], compared to an

optimistic error rate of 1074

Fortunately, quantum information can be protected using error correction. The key
idea is to redundantly encode the state of interest, called the logical state, in a larger
quantum system. When the encoding is chosen well, the logical information is
not stored in any individual component but is spread throughout the entire system.
Therefore, the likely noise events, where only a few components of the physical
system fail, do not corrupt the logical state; the redundancies allow us to detect and
correct these errors. Only when many components simultaneously fail does the state
become irrecoverable. The probability of such a logical error is much smaller than
the error rate of any individual physical component. Thus, quantum error correction
effectively decreases the error rate affecting a system. Furthermore, the logical error
rate decreases with the system size provided the physical error rate is sufficiently
small. This allows us to carry out larger quantum computations not by improving

the quality of qubits but by increasing their quantity.
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Nevertheless, quantum error correction comes with costs, including having to im-
plement more complicated protocols, additional classical processing, and space and
time overhead. Therefore, there are many considerations when designing quantum
error correction protocols and choosing the right one to use on a given system. We
elaborate on these concepts in the following sections of this chapter (Sections
to[I.4), which will provide enough background to understand the contributions of
this thesis, outlined in Section[[.5] In Section[I.6] we describe some of the remaining

challenges in the field.

1.1 Quantum code properties
A quantum error-correcting code is a subspace of the n-qubit Hilbert space C C

(C2)®". Implicitly, there is a unitary map U : (C2)®k

— C specifying how a
k-qubit logical Hilbert space we wish to protect is encoded in the larger n-qubit
Hilbert space. We refer to k as the dimension of the code and n as the blocklength.
The rate k /n characterizes the redundancy of the encoding. The smallest weight of
a nontrivial logical operator—one that maps a code state of C to another—is called
the distance. It is a measure of how resilient the code is to noise, as a code of
distance d can correct any error affecting at most | (d — 1)/2] qubits. The code C
is said to have parameters |[[n, k, d]]. For a fixed blocklength n, we generally want
to use a code with as large dimension and distance as possible. However, these two
conditions are in tension with each other because having a larger codespace makes
it more likely to have low-weight logical operators. Nevertheless, it is possible to
have code families of increasing blocklengths with the best possible dimension and
distance scalings, k, d = ®(n). In this case, we say that the codes are asymptotically

good.

When using a code, we need a way to determine when we are in the codespace
and when an error has occurred. In contrast to the classical setting, this cannot be
done by measuring individual qubits, as that would reveal too much information
about the state and destroy its quantum correlations. Instead, more course-grained
information is needed. In this thesis, we mostly focus on the class of stabilizer
codes, where C is the simultaneous +1-eigenspace of an abelian subgroup S of the
n-qubit Pauli group called the stabilizer group. For such codes, membership in C is
checked by measuring a generating set of stabilizers. The classical outcomes, called

the syndrome, is trivial in the absence of errors.
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The locality of the stabilizer generators is an important property of the code because
measurements supported on fewer qubits are generally easier to perform in practice.
Additionally, the process of measuring a check can spread errors within the support
of that check. For fault-tolerance purposes (see Section[I.2), it is desirable to keep
the check weights minimal. A low-density parity-check (LDPC) code is a code
family with bounded-weight stabilizer generators.

Topological codes have the further property that qubits can be placed in Euclidean
space such that stabilizer generators are geometrically local. This limitation is
natural for platforms such as superconducting circuits where the qubits are at fixed
locations in space and interactions couple nearby qubits. An example of a topological
code is the surface code [4]], which has been well studied and is a leading candidate
for experimental implementation. Unfortunately, topological codes have limited
parameters. Bravyi, Poulin, and Terhal proved that the parameters of any D-

dimensional topological code satisfy kd*/(P~1) = O(n).

On the other hand, general LDPC codes have no such limitation. Table[I.T|provides a
summary of major developments in achievable parameters for quantum LDPC codes.
In particular, the expander lifted product codes [5], quantum Tanner codes [6],
and DHLV codes [7] show that good quantum LDPC codes exist. These three
constructions involve placing qubits on an expanding complex and choosing checks
according to small classical codes satisfying certain robustness properties. The
intuition is that the features like the rate and distance of the local code are amplified

via the expansion to those of the global code.

Code Year | Dimension k£ | Distance d
Surface code [4] 1997 1 O(+v/n)
Hypergraph product codes [8]] 2009 O(n) O(v/n)
Fibre bundle codes [9] 2020 O(n?) Q)
Lifted product codes [10] 2020 O(n®) Q(n'=2/2)
Balanced product codes [11]] 2020 O (n*d) Q(n’h)
Expander lifted product codes [3] | 2021 O(n) O(n)
Quantum Tanner codes [6]] 2022 O(n) O(n)
DHLYV codes [7] 2022 O(n) O(n)

Table 1.1: Major developments in the history of quantum LDPC codes. In the lifted
product construction, a € [0, 1) may be chosen arbitrarily.



1.2 Fault-tolerant operations

Specifying a code is only the first step to suppressing error rates. When we im-
plement a code, the protocol should be fault tolerant, meaning that it is robust to
errors that can occur at every elementary operation. For example, compared to the
phenomenological noise model where errors occur between measurements, circuit-
level noise may corrupt data and ancilla qubits during the syndrome extraction cycle.
The resulting errors may spread to other qubits before the end of the measurement
round. Circuit-level noise is equivalent to a more complicated phenomenological
noise model with correlations, although it may not be optimal to analyze it in this

way.

When using error correction, computation must be fault tolerant as well. For ex-
ample, logical operations cannot be implemented by first unencoding the state,
performing the physical operation, and then encoding again. Otherwise, the state
could be corrupted while it is unprotected. Instead, operations must be performed
on the encoded state so that it retains its protection. One generic method of realizing
fault-tolerant operations is through transversal gates, where the logical gate is im-
plemented via physical gates that each have support on at most one qubit from each
code block. Then, errors cannot spread within a code block. However, transversal
gates cannot implement a universal gate set [12], so they must be supplemented
with other methods such as code switching [[13]], lattice surgery [[14]], or magic state

injection [15]].

To keep the computation fault tolerant, we can intersperse error correction steps
between logical operations. The soundness of the whole process is guaranteed by
various threshold theorems as long as each step is fault tolerant [16, [17]. Alter-
natively, a circuit which only consist of stabilizer operations can be analyzed as a

whole by mapping it to a simpler structure like another code or a graph [18H20].

1.3 Decoders

So far, we have discussed properties of error-correcting codes and fault-tolerant
protocols without specifying how to actually correct errors. In practice, we need
to return the state to the codespace when errors occur (or at least keep track of the
necessary corrections). This is the decoding problem. For phenomenological Pauli
noise affecting stabilizer codes, the syndrome tells us which stabilizer generators
commute or anticommute with the error. In the more general circuit-level noise

setting, information about errors that occurred during the quantum process is also
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inferred from the measurement outcomes. In either case, a classical decoding
algorithm can use this classical information to output a recovery operator f. We say
that the decoder succeeds if applying f to the corrupted state takes us back to the

original code state.

A fastdecoder is crucial for achieving large-scale error-corrected computation. If the
decoder cannot process syndrome data as fast as it is generated, a so-called backlog
problem will occur [21]. In essence, we need to know the decoder’s correction before
implementing non-Clifford logical gates, but an increasing amount of syndrome data
will be generated before each successive operation as the decoder is running. This

would result in an exponential time complexity of the computation.

Decoding is generically computationally difficult. For stabilizer codes under phe-
nomenological noise, it is NP-complete [22, 23] or even #P-complete [24], depend-
ing on the formulation of the problem. But this does not preclude the existence of
efficient decoders for specific codes. Indeed, many codes have efficient decoders,

and a code must have one for it to be practically relevant.

When evaluating the performance of decoders, it is important to specify the noise
model. For adversarial noise, the decoder must be able to handle the worst-case
error below a certain weight, usually a constant fraction of the distance. Alterna-
tively, stochastic noise models define a distribution for how errors occur, e.g., one
approximating the noise on a real device, and the decoder should be able to correct
the error with high probability. A decoder that performs well in one scenario may
not do as well in the other. This is because in the stochastic setting, the decoder
might not succeed on certain small errors as long as those errors occur with small
probability, whereas in the adversarial setting, the decoder might not have to decode
linear-weight errors that would be typical in the stochastic case. Only for linear-
distance codes would the ability to decode in the adversarial case automatically

imply the ability to decode in the stochastic case.

1.4 Overhead of quantum error correction

Implementing an error-corrected computation requires more resources than if the
same computation was done at the physical level. The redundancy of the encoding
requires extra qubits, and the time complexity of the algorithm may be increased
as logical operations can be slower than physical ones. At a basic level, the space
overhead of using an [ [n, k, d]] code is ®(n/k), assuming a linear number of ancilla

qubits to perform stabilizer measurements and computation. But what code size is
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needed to achieve the the required error suppression for a given computation? This
question is addressed by several threshold theorems [16, 25, 26]]. Roughly, they
state that if the physical error rate p is below some fixed threshold value p*, an ideal
circuit with n qubits, time complexity ¢, and v error locations can be simulated to &

accuracy with noisy operations using O (n polylog(v/&)) qubits and time complexity
O(t polylog(v/eg)).

The threshold p* is an important value that depends on the code family and decoder
used. We want to design codes with as large threshold as possible because that
is the error rate below which quantum error correction is useful. Once the error
rate is below threshold, larger quantum computations can be achieved by scaling
the system up instead of improving the physical error rate. The threshold depends
heavily on the noise model considered. For example, the phenomenological noise
threshold is typically an order of magnitude higher than the more realistic circuit-
level noise threshold. Moreover, the noise on an actual device is not characterized
by a single parameter. Instead, there will be many error rates corresponding to the
different physical noise processes, which may be tuned individually. In this case,
the threshold value should be replaced with a surface in the high-dimensional space
of error parameters. If the true error parameters are in the region bounded by the

surface, logical errors may be suppressed arbitrarily by increasing the system size.

Additionally, some hardware platforms have noise that is either naturally or en-
gineered to be biased toward one type of error. This is beneficial because codes
may be designed to take advantage of such a noise model. For example, Clifford-
deformed surface codes have higher thresholds when the ratio of Pauli Z to X errors
is high [27, 28]. Another type of noise bias is one where the dominant error type
is erasures. Erasure errors occur when the system leaks out of the computational
subspace defining the qubit, and it is possible to learn this information. They more
benign than Pauli errors because we know which qubits have been corrupted, and

codes can generally tolerate more noise when it is erasure-biased.

Below the threshold, improvements can also be made to the polylogarithmic space
and time overhead of error correction. The early threshold theorems assumed code
families based on repeated concatenation of a small code. With the developments
in quantum LDPC codes, contant-rate codes with polynomially scaling distance
allow for constant space overhead [29]. This result relies on several assumptions,
including the ability to measure geometrically nonlocal stabilizers and an efficient

decoder.
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The decoder also plays a role in the time overhead of error correction. In addition
to the extra classical processing time, the decoder could also determine the number
of error correction rounds that are needed between logical operations. For example,
decoders for the surface code require 2(d) rounds of syndrome data between lattice
surgery operations in the presence of syndrome errors [14]. In general, if a decoder
requires perfect syndrome information as input, time or space overhead would
be incurred through repeated measurements [30] or implementing a more robust
measurement scheme [31,32]. In contrast, some codes permit single-shot quantum
error correction [33]. A single-shot decoder can use faulty syndrome data from a
single round of measurements to output a correction that is close to the original
code state. Logical operations can then be performed, even in the presence of these
small residual errors. Thus, additional time overhead would not be incurred due to

extra syndrome measurement rounds.

1.5 Contributions

In this thesis, we tackle the problem of reducing the cost of quantum error correction
using two main approaches. In Part[[, we propose and analyze a decoder for a family
of asymptotically good quantum LDPC codes. Our results further validate LDPC
codes as a way of reducing the spacetime overhead of error correction. Part
focuses on erasure-biased noise as a general way of increasing the threshold. We
analyze protocols involving erasure qubits and quantify the gain from the ability to

detect erasure errors.

1.5.1 Decoding good quantum LDPC codes

With the discovery of good quantum LDPC codes, a natural question concerns their
efficient decodability. In Chapter 2] we provide a decoder for a family of quantum
Tanner codes [6]]. The decoder is a local greedy algorithm. At each step, it operates
on a small set of qubits within the support of a stabilizer generator to decreases
what we call the global potential, a cost function that serves as a proxy for the
syndrome weight. A critical ingredient in the success of the decoder is expansion
in the underlying complex defining the code. Expansion ensures that the decoder
never gets stuck because there will always be some group of errors that caused many
neighboring syndromes; correcting those qubits will decrease the global potential.
We show that the decoder successfully corrects any error affecting up to a linear

number of qubits and runs in linear time. As an immediate consequence, the decoder
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can also work in the stochastic setting where each qubit is corrupted independently

with sufficiently small constant probability.

Next, we consider decoding quantum Tanner codes in the presence of measurement
errors. In Chapter 3] we analyze the mismatch decomposition decoder of Leverrier
and Zémor [34] and show that it has the single-shot property. This decoder operates
in essentially the same way as the potential-based decoder above, only using a
different cost function called the mismatch. In fact, the corrections obtained at
each step using the potential or mismatch may be mapped to each other, so the
results of this chapter will also apply to the potential-based decoder. The idea is
that the expansion of the complex guarantees many possible correction sets that
would decrease the mismatch in the absence of syndrome noise. If a small number
of syndrome bits are incorrect, there will still be valid operations that decrease
the noisy mismatch computed by the decoder. Therefore, if a sufficiently small
constant fraction of qubits are corrupted, and in addition, a constant fraction of the
measurement outcomes are incorrect, the decoder can output a correction that is close
to the codespace. In a stochastic setting where data and syndrome errors occur with
sufficiently small probability, the decoder is able to maintain quantum information
for up to an exponential number of measurement and correction rounds. Notably,
this also holds under circuit-level noise as it can be mapped to phenomenological

noise with small correlations.

The results of Part [l of the thesis help establish quantum LDPC codes as a way to
achieve fault-tolerant quantum computation with low overhead. Gottesman showed
that constant-rate, polynomial-distance codes allow for error correction with con-
stant space overhead [29]]. In Chapter[3] we further show that a parallel version of the
mismatch decomposition decoder, where local corrections are found simultaneously
for a constant number of iterations, also has the single-shot property. This means that
only one round of syndrome measurements is needed between logical operations,
and the resulting data can be classical processed in constant time. Consequently,
given the ability to perform parallel logical operations, we can also achieve constant

time overhead of error correction using quantum Tanner codes.

1.5.2 Erasure qubits
While the results of Part |I] pertain to the cost of quantum error correction in the
asymptotic regime, Part[[I focuses on reaching the threshold so that error correction

may be used. As mentioned in Section [I.4] erasure-biased noise typically results
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in higher thresholds. Such an error model would be accurate for physical systems
whose errors are dominated by detectable leakage or qubit loss. In other platforms,
it is possible to use a small encoding to convert the dominant error source into
erasures. Our motivation comes from superconducting qubits where the most likely
error is amplitude damping—decay from the |1) state to the |0) state. Under the
two-qubit dual-rail encoding |0) = [01), |T) = |10), amplitude damping on either
physical qubit will take the state to |00), which can be detected without disturbing

the computational subspace.

In Chapter[d], we introduce a formalism for analyzing circuits with erasure qubits. In
an erasure circuit, we must include locations where erasures can occur and explicit
erasure check and reset operations in addition to the standard circuit components. We
then express the resulting decoding problem of finding the most likely error affecting
the circuit as a matching problem on a hypergraph. Using this formalism, we analyze
Floquet codes implemented with erasure qubits. A Floquet code is a type of quantum
error-correcting code that encodes logical information in a dynamically evolving
codespace [35]. It is relevant for us because the physical ZZ measurement that
could implement an erasure check on a single dual-rail qubit would also implement
a logical ZZ measurement on two erasure qubits when acting on one physical qubit
from each dual-rail pair. Such operations, along with single-qubit rotations within
the computational subspace, suffice to implement Floquet codes on dual-rail erasure
qubits. In our work, we simulate Floquet codes under circuit-level Pauli and erasure
noise, mapping out the threshold surface. Our analysis shows that erasure qubits can
significantly outperform standard qubits. That is, the benefit of knowing likely error

locations outweighs the cost of extra noise incurred by performing erasure checks.

In Chapter [5] we continue the study of erasure qubits by optimizing the frequency
of erasure checks. We implement the surface code with one, two, or four erasure
checks per syndrome extraction round and find that the optimal frequency depends
on the error parameters. As the erasure bias increases, it becomes advantageous to
perform more frequent erasure checks to gain precise information about the location
of erasure errors. Conversely, for noise with low erasure bias, it is better to use less
frequent erasure checks to reduce the extra noise introduced. In an intermediate
regime, the optimal frequency is two erasure checks per round. For schedules with
infrequent erasure checks, the decoder from the previous chapter becomes inefficient

due to erasure events causing large correlated errors. Instead, we propose a new
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decoding method that makes use of a simplified error model. This decoder is more

efficient than the previous one and often outperforms it as well.

Overall, we demonstrate that quantum error correction protocols benefit by taking
advantage of erasure-biased noise. Erasure qubits are not only a promising way
to reach the threshold in the near term, but could also be the basis of large-scale

quantum architectures in the future.

1.6 Outlook

Quantum error correction is a tool to bridge the gap between the physical error rates
on experimental devices and the logical error rates needed to perform large-scale
quantum computation. Building this bridge requires progress from both experiment
and theory. As we are starting to see demonstrations of gain from quantum error
correction [36-39], improvements in the quality and quantity of qubits will facilitate
larger error-corrected quantum computation. Furthermore, finer control of quantum
systems would expand the set of basic operations and allow for better quantum codes

to be used.

On the other hand, theoretical developments can ease the burden of improving
experiments. In the near term where devices are operating close to the threshold,
optimizations can have substantial impact. Exploiting bias, such as the use of erasure
qubits, is a promising approach. We might also design codes that take advantage
of the specific capabilities of different platforms, for example, by using the fusion-
based quantum computation formalism for photonic quantum computers [40]. This
would reduce the overhead by compiling an encoded quantum computation directly

to the native operations on the hardware being used.

In the longer term, I believe LDPC codes to be viable path to achieving fault-tolerant
quantum computation with low overhead. However, because much of the interest in
LDPC codes have stemmed from the recent developments, many challenges remain
for them to be practically useful. A lot of initial progress, including the work in
this thesis, has focused on asymptotic scalings without regard to the constants in a
code’s check weight, rate, and distance or a decoder’s performance guarantee and
time complexity. Finding code families that have good finite-size performance is
crucial. There is also the difficulty of implementing the nonlocal checks needed to
surpass the Bravyi-Poulin-Terhal bound. To address this problem, several ideas for
different hardware platforms have been proposed [41-43]]. Finally, a major challenge

is how logical gates can be implemented efficiently in LDPC codes. Ideally, different
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logical qubits should be addressable in parallel, but the different logical operators

can have overlapping support in a high-rate code block. Solving all these issues is

necessary to reap the benefits of quantum LDPC codes.

Overall, quantum error correction has seen remarkable progress in recent years with

many novel ideas. I hope that the contributions in this thesis will be helpful in our

quest to building a full-scale quantum computer.
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Chapter 2

AN EFFICIENT DECODER FOR A LINEAR DISTANCE
QUANTUM LDPC CODE

Recent developments have shown the existence of quantum low-density parity check
(qLDPC) codes with constant rate and linear distance. A natural question concerns
the efficient decodability of these codes. In this paper, we present a linear time
decoder for the recent quantum Tanner codes construction of asymptotically good
gLDPC codes, which can correct all errors of weight up to a constant fraction of the
blocklength. Our decoder is an iterative algorithm which searches for corrections
within constant-sized regions. At each step, the corrections are found by reducing a
locally defined and efficiently computable cost function which serves as a proxy for

the weight of the remaining error.

2.1 Introduction

Quantum error correcting codes with constant-sized check operators, known as quan-
tum low-density parity check (QLDPC) codes, have myriad applications in computer
science and quantum information. Indeed, almost all leading contenders [[1, 2] for
experimentally realizable fault-tolerant quantum memories are QLDPC codes. With
more stringent requirements on their parameters, qLDPC codes can be used to
achieve constant overhead fault-tolerant quantum computation as shown by Gottes-
man [3]. On the more theoretical side, qLDPC codes are believed to have connec-

tions to the quantum probabilistically checkable proofs (qPCP) conjecture [4]].

A qLDPC code of blocklength n is said to be good when it encodes ®(n) logical
qubits and detects all errors up to weight ®(n). For many years such codes have
proven elusive, with an apparent distance “barrier” of around +/n. It is natural to
wonder if there is some fundamental limitation that prevents us from achieving the a
priori best possible distance of ®(n). However, a sequence of recent constructions of
qLDPC codes with steadily improving code parameters [SH7] have culminated in the
construction of asymptotically good qLDPC codes by Panteleev and Kalachev [8]].
Alternative constructions of good qLDPC codes have since been given by Leverrier

and Zémor [9] and conjectured by Lin and Hsieh [10].



18

With the proven existence of good qLDPC codes, a natural next step is to better
understand their properties. For fault-tolerance purposes, a fast decoder is a ne-
cessity, so an important question is whether these codes can be efficiently decoded.
Previously known efficient decoders [11-15] were limited by the parameters of the
underlying qLDPC code. To date, the best efficient decoder corrects against all
errors of weight up to ®(y/nlog n) [13]]. The existence of good qLDPC codes opens

the possibility for a decoder that corrects all errors of weight up to ®(n).

In this paper, we focus on the quantum Tanner codes construction of Leverrier
and Zémor [9]. Quantum Tanner codes were inspired by the original construction
of good qLDPC codes of Panteleev and Kalachev [8]], as well as by the classical
locally testable codes of Dinur et al. [[16], serving as an intermediary between the
two constructions. They can also be seen as a natural quantum generalization of
classical Tanner codes [[17]]. A classical Tanner code is defined by placing bits on the
edges of an expanding graph, with non-trivial checks defining local codes placed
at the vertices. The codewords are the strings whose local views at each vertex
belong to the codespace of the local code. A quantum Tanner code is a Calderbank-
Shor-Steane (CSS) [18, [19] code defined by two classical Tanner codes stitched
together using a two-dimensional expanding complex. For particular choices of
the local checks and expanding complex, this construction has been shown to yield
an asymptotically good family of qLDPC codes. We show that this construction
can also yield an asymptotically good family of qLDPC codes which are efficiently

decodable for errors of weight up to a constant fraction of the distance.

Our decoder is inspired by the small-set-flip [11] decoding algorithm for hypergraph
product codes based on expanding graphs. Small-set-flip is an iterative algorithm,
where at every step, small sets of qubits are flipped to decrease the syndrome weight.
The candidate sets to flip are contained within the supports of individual stabilizer
generators. A critical ingredient in the success of the small-set-flip decoder is the
presence of expansion in the underlying geometric complex. Since the geometric
complex defining quantum Tanner codes has a similar notion of expansion, one

might expect that analogous ideas may work for decoding quantum Tanner codes.

In our decoder, we define a “local potential function” on each local view which
measures the distance of the error from the local codespace. The decoder reduces
the sum of these potential functions by applying a constant-sized correction within
some local view at each step. In the proof of correctness, we proceed by tracking the

minimum weight correction according to each local view, and then use this data to
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show that a flip-set with the required properties must exist when the error is not too
large. As a required step in the proof, we also strengthen the robustness parameters

of the random classical codes used in the quantum Tanner code construction.

Our main result is stated below:

Theorem (Informal version of Theorems and [13). There exists a family of
asymptotically good quantum Tanner codes such that our decoder successfully

corrects all errors of weight up to ©(n) and runs in time O (n).

The remainder of the paper is organized as follows. In Section[2.2]we provide a brief
technical introduction to the quantum Tanner codes construction of asymptotically
good qLDPC codes. There we present a terse, but self-contained, description of
all the ingredients necessary to follow the rest of the paper. In Section [2.3] we
formally define the decoding problem and present the overview of our decoder for
the quantum Tanner codes. We also work out basic properties and consequences of
our decoder in this section. Section [2.4]contains the technical bulk of the paper, and
presents the main proof of the correctness of the decoder. Finally, in Section[2.5|we
provide a summary of our results and conclude with some open problems. We also
include a technical appendix detailing the existence of the dual tensor codes with

sufficiently high robustness parameter (A%/2*¢) necessary for the proof.

2.2 Quantum Tanner codes
In this section, we review some coding theory background and summarize the

construction of quantum Tanner codes by Leverrier and Zémor [9].

2.2.1 Classical linear codes

In this subsection we quickly review the necessary classical coding background. A
classical linear code is a k-dimensional subspace C C FZ, which is often specified
by a parity check matrix H € an—k)m such that C = ker H. Equivalently, the code
can also be specified as the column space of a generator matrix G € IF"’;X", such that
C = colG. The parameter n is called the blocklength of the code. The number
of encoded bits is k and p = k/n is the rate of the code. The number of errors
that the code can correct is determined by the distance of C, which is given by the
minimum Hamming weight of a nonzero codeword: d = min,cc\ oy |x|. Sometimes,
we consider the relative distance § = d/n. We say that such a code has parameters
[n, k,d].
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Given a D-regular (multi)graph G = (V, E) and a code Cy of blocklength D, we
can define the classical Tanner code C = T (G, Cy) as follows. The bits of C are
placed on the edges of G, so it is a code of length n = |E|. For x € }F‘ZE , define
the local view of x at a vertex v € V to be x|g(,), which is the restriction of x to
E(v), the set of edges incident to v. Then the codewords of C are those x € Pg
such that x|, € Co for every v € V, where we choose some way of identifying
every edge-neighborhood of a vertex with the bits of the local code Cy. If Hy is the
parity check matrix of Cy, then the parity check matrix of C will have rows which
are equal to a row of Hp on an edge-neighborhood of a vertex and extended to be
zero everywhere else. In the Tanner code construction, the code C is often called

the local, or base, code.

The dual of a classical linear code C, denoted C*, is the subspace of all vectors

orthogonal to the codewords of C; that is,
Cr={yeF, :VxeC, (x,y) =0}, (2.1)

where the inner product is taken modulo 2. If we have two classical codes C4 =
kerHy C F] and Cp = ker Hp C T, we can consider their tensor code and dual

tensor code.

Definition 1 (Tensor and Dual Tensor Codes). The tensor code of C4 and Cg is the
usual tensor product Cy ® Cg C F} ® F). We can naturally interpret F; ® F} as the
set of binary n X n matrices, and in this view, C4 ® Cp is identified with the set of
matrices X such that every column of X is a codeword of C4 and every row of X is

a codeword of Cp.

The dual tensor code of C4 and Cp is (C j ®Cz)*t C F} ®F, which can equivalently
be expressed as (Cy ® Cy)* = Co ® F} +F; ® Cp. Codewords of the dual tensor
code are precisely the set of matrices X such that Hy X HZ =0.

Note thatif C4 isa [na, ka,da] code and Cgis a [np, kg, dg] code, then their tensor
codeisa[nang, kakp, dadg] code. Their dual tensor codeisa [nanpg, nakg+ngka—
kakp, min(da, dp)] code. Moreover, we have C4 ® Cp C (Cy ® Cp)™.

2.2.2 Quantum CSS codes
A quantum stabilizer code is a subspace C C ((Cz)®n that is the +1-eigenspace of an
abelian subgroup § of the n-qubit Pauli group. If S can be generated by stabilizers

that are products of X operators and stabilizers that are products of Z operators, we
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say that C is a CSS code. In this case, we can associate with C two classical codes
Cx = ker Hy and Cz = ker Hz C F?, where the rows of Hy (resp. Hz) specify the X
(resp. Z) type stabilizer generators. The property that X and Z generators commute

translates to the condition H xH; =0, or equivalently C% C Cyx.

We can state the code parameters of a CSS code in terms of its underlying classical
codes: if Cx (resp. Cz) has kx (resp. kz) encoded bits, then the number of encoded
qubits is k = kx+kz—n. The distance of the CSS code is given by d = min{dy, dz},
where

dx = min |x|, dz= min |x|. (2.2)
xeCz\Ck xeCx\CL

We say that such a quantum code has parameters [ [n, k, d]]. A family of quantum
codes is called asymptotically good (or simply good) if the rate p = k/n and the
relative distance 6 = d/n are bounded below by a non-zero constant. The code
family is said to be low-density parity check (LDPC) if it can be defined with
stabilizer generators that have at most constant weight, with each qubit being in the
support of at most a constant number of generators. This is the case if each row and

column of Hy and Hz have at most constant weight.

2.2.3 Left-Right Cayley complexes

Let G be a finite group with a symmetric generating set A, i.e., A = A~!. The lef
Cayley graph Cay(A, G) is the graph with vertex set G and edge set {(g,ag) : g €
G,a € A}. Let A and B be two symmetric generating for G of size |A| = |B| = A.
The generating sets A and B are said to satisfy the Total No-Conjugacy condition
(TNC) [16]] if we have ag # gb foralla € A,b € B,and g € G.

Given a group G and two symmetric generating sets A and B satisfying TNC,
we define their double-covered left-right Cayley complex Cay,(A, G, B) as the 2-

dimensional complex consisting of:

1. Vertices V =Vy UV, =G x {0} UG x {1}. There are a total of |V| = 2|G|
vertices, with |Vy| = |Vi| = |G].

2. Edges E = E4 U Ep, where

EA:{((g’O)a(ag’ 1)) :gEG’CZEA}’ (23)
Ep={((g,0),(gh,1)): g€ G,b e B}. (2.4)

IThere is also the notion of a right Cayley graph Cay(G, A) where the generator set acts on the
right, with edges {(g,ga) : g € G,a € A}.
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by b3

Figure 2.1: The local view of a vertex v and its identification with the set A X B.
Considering the “book” defined by the edge b picks out a column, A X b (dashed).
Specifying entries of A X B picks out specific faces (red, blue) of the local view,
which can be regarded as entries of the corresponding matrix.

Note that A-type edges are defined by a left-action of the generators, while
that B-type edges are defined by a right-action of the generators. There are a
total of 2A|G| edges, with |E4| = |Ep| = A|G].

3. Squares Q defined by quadruplets of vertices:

0 =1{{(g,0),(ag,1),(gb,1),(agh,0)} :ac A,be B,geG}. (2.5)

There are a total of |Q| = A%|G|/2 squares.

Note that the graph defined by (V, E,) is precisely the double cover of the left
Cayley graph Cay(A, G), and the graph defined by (V, Ep) is the double cover the
right Cayley graph Cay(G, B). The full 1-skeleton of Cay,(A, G, B) is a bipartite
graph G¥ = (V,E).

By TNC, each square is guaranteed to have 4 distinct vertices, so the graph G is a
simple 2A-regular graph. There are A? squares incident to a given vertex, and the
set of faces incident to a given vertex can be naturally identified with the set A X B.
Figure [2.1] illustrates the faces incident to a given vertex in the left-right Cayley

complex.

Based on the structure of the graph GV, each face g € Q can be naturally identified
with its diagonal connecting its corners in Vj. Through this identification, we can
define a graph QOD capturing the incidence structure of faces in the complex. The

graph QOD = (Vo, Q) is defined with vertex set Vy = G X {0}, where g € Q is present
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Z6 2o\ Zg X6 X6/ X6

Zs Xs

Zy X4

Z3| 723723 X3
Z> Xa X
YAWVAIRVA X1 X1

Zo X0/ Xo

v eV vevV

Figure 2.2: The restriction of checks to the faces incident to an edge (v/,v) € G".
The columns on the left indicate the various nontrivial restrictions of Z stabilizers
from the v’ local view, which are codewords of C4. The columns on the right indicate
the various X stabilizer restrictions from the v local view, which are codewords of
Ct.

as an edge (v,v’) in QOD if and only if v and v’ appear as opposite Vy-corners of the
square q. Likewise, each face ¢ € Q can be identified with its diagonal connecting
its corners in V. This similarly defines a graph QID = (V1, Q). Note that QOD and
Gy are A’-regular multigraphs.

2.2.4 Quantum Tanner codes construction

We now describe the construction of quantum Tanner codes from [9]. The con-
struction is dependent on the choice of a double-covered left-right Cayley complex
Cay, (A, G, B) with generating sets of size |A| = |B| = A satisfying TNC. It is
also dependent on fixed classical codes Cy4, Cp of blocklength A, which define local
codes Cp = C, ® Cpand C = C;; ® Cy.

Given the data above, a quantum Tanner code C is then defined as the CSS code
specified by the two classical Tanner codes Cz = T(QOD, Cy) and Cx = T(QF, Cy).
More explicitly, qubits are placed on the squares of the left-right Cayley complex,
and the Z (resp. X) type stabilizer generators are codewords of the local code
Cy ® Cp (resp. Cy; ® Cy) on the A? squares incident to each vertex v € Vj (resp.
v € Vq). The incidence structure of the left-right Cayley complex ensures that the
X and Z stabilizers commute (see Figure [2.2).

Note that C is a qLDPC code: each stabilizer generator acts on a subset of the local

view Q(v) of A? qubits, and each qubit is acted on only by the stabilizers in the local
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views of its four corners. It is proven in [9] that for certain choices of the left-right
Cayley complex and local codes, this construction yields a good family of quantum

codes:

Theorem 2 (Theorem 16 of [9]). Fix & € (0,1/2), p € (0,1/2), and 6 € (0,1/2)
with 6 < h™'(p), where h(x) = —xlogyx — (1 — x)log,(1 — x) is the binary
entropy function. For some A sufficiently large, there exist classical codes Cy,Cp
of blocklength A, rates p and 1 — p, respectively, and relative distances at least
d, as well as an infinite family of left-right Cayley complexes Cay,(A, G, B) with
|G| — oo and symmetric generating sets A, B of size |A| = |B| = A satisfying TNC,
such that the quantum Tanner code defined above has parameters

)
4A3/2+en

[[n=10l,k 2 (1-2p)°n,d > 1.

2.2.5 Expanding Cayley complex and robust local codes
In this subsection, we specify the technical properties of the Cayley complex and
local codes that are used in the construction of good quantum Tanner codes described

previously.

For a D-regular graph G = (V, E), the largest eigenvalue of its adjacency matrix
is 11 = D, and we let A(G) = A, denote its second largest eigenvalue. The value
of A(G) is related to the expansion properties of the graph, as seen in the expander
mixing lemma below. For subsets S,7 C V, let E(S,T) be the multiset of edges

between S and 7', where edges in S N T are counted twice. We have the following:

Theorem 3 (Expander mixing lemma). For a D-regular graph G = (V,E) and
subsets S,T CV, b

[E(S,T)| < MISIITI +A(G)VISIIT]. (2.6)
The groups G and generating sets A, B in Theorem 2|are chosen so that the resulting

left-right Cayley complex has good expansion.

Lemma 4 (Claim 6.7 of [16]). Let g be an odd prime power and G = PSL;(q").
There exist two symmetric generating sets A, B of size |A| = |B| = A =q+ 1 and
satisfying TNC such that the resulting Cayley graphs Cay(A, G),Cay(G, B) are

Ramanujan, i.e., have second largest eigenvalue 1 < 2VA.

For G, A, B as above, it can be shown [9] that the relevant graphs in the quantum

Tanner codes construction have the parameters specified in Table [2.1]
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Graph \ Degree \ Number of vertices \ Second eigenvalue

G 2A 2|G| = |Vo| + Vi < 4vVA
Qg A? |G| = Vol < 4A
h A? |G| = [Vl < 4A

Table 2.1: Graph parameters

The classical codes used in the construction of quantum Tanner codes are required

to satisfy a robustness property of their dual tensor code, introduced in [9]].

Definition 5 (w-Robustness). Let C4, Cp C I} be classical codes with distances d
and dp, respectively. We say that the dual tensor code Cap = Cp ® IF’; + Pg ® Cp
is w-robust if every codeword X € Cap with |X| < w is supported on the union of
at most | X|/d 4 non-zero columns and |X|/dp non-zero rows. That is, there exist
rows A’ with |A’| > n — |X|/dg and columns B’ with |B’| > n — |X|/d4 such that
Xlaxp =0.

If the dual tensor code of C4 and Cpg is w-robust, then their tensor code satisfies a

property similar to robust testability defined in [20].

Proposition 6 (Proposition 6 of [9]). Ler Ca,Cp C F) be classical codes with
distances d s and dp, respectively, such that their dual tensor code is w-robust for
w < dadpg/2. Then

3
d(x,Cs ® Cp) < 2 (d(x,Cs ® F5) +d(x,F; ® Cp)) 2.7

whenever d(x,Cx ® F}) + d(x,F) ® Cg) < w.

In Appendix[2.A] we prove Theorem[7|below, which shows that for sufficiently large

blocklengths, there exist dual tensor codes of sufficiently large robustness.

Theorem 7. Fix constants € € (0,1/28), p € (0,1/2), and 6 € (0, 1/2) such that
§ < h™'(p), where h(x) is the binary entropy function. For all sufficiently large A,
there exist classical codes Cu, Cp of length A and rates ps = p and pp = 1 — p such
that such that both the dual tensor code of C4 and Cp and the dual tensor code of

C j and Cy are A3%* _robust and have distances at least SA.

With these ingredients, we can describe the construction in Theorem [2| in more
detail. We first choose a prime power ¢ = A — 1 sufficiently large such that we can
use Theorem [7|to find C, Cp with robustness parameter A3/>~¢. Then the infinite
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family of left-right Cayley complexes is defined using G = PSL;(g') for increasing
values of i and A, B as in Lemma [] Note that the sizes of the groups satisfy
Gl = 34'(¢* = 1) — co.

We remark that in [9]], a version of Theorem [/| was shown for robustness parameter
A3/27¢_but in the proof of correctness of our decoder, a larger parameter A3/%+¢
is needed. Because the proof of Theorem [2] given in [9] is valid even for negative
values of ¢, the existence of dual tensor codes with higher robustness implies a larger

distance of the code itself, d > o

o= At the same time, the larger robustness

parameter eliminates the need for resistance to puncturing required in [9]], thus

simplifying the overall description of the quantum Tanner code.

2.3 Decoding algorithm

In this section, we give a description of our decoder for quantum Tanner codes. The
quantum Tanner codes we consider are those described in the previous section with
distance d > ﬁn, constructed using classical dual tensor codes of robustness
A3/2*¢ a5 the local codes. In the decoding problem, an unknown (Pauli) error is
applied to the code. We may only extract the syndrome of the error by measuring
stabilizers, and based on the syndrome, apply corrections. We succeed in decoding
if the correction we applied is equal to the error, up to a stabilizer (which has no
effect on the codespace). Because quantum Tanner codes are CSS codes, it suffices
to consider X and Z errors separately. If we have an algorithm to correct for errors
that are purely a product of X operators and another one for a product of Z operators,
a general error will be corrected after running both algorithms. Furthermore, since
the code is symmetric between X and Z, we just consider the problem of correcting

Z errors.

Definition 8 (Decoding Problem). Let e € FzQ be a Z error. Given the syndrome
o = Hxe as input, the task of the decoding problem is to output a correction f € FZQ
such that e — f € Cy.

Our decoder is similar in flavor to the small-set-flip decoder used on certain hyper-
graph product codes [11]. Small-set-flip is an iterative decoder, where in each step
the decoder tries to decrease the syndrome weight by looking for corrections within
the support of a Z generator. If the initial error weight is less than the code distance,
then such a correction can always be found, and this implies that the decoder can

successfully errors of weight less than a constant fraction of the code distance [[11].
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In our case, the syndrome weight is not a very well-defined concept due to the
presence of the local codes. Because the X stabilizers are generated by local tensor
codes C; = Cy ® Cy, defining the Hamming weight of the syndrome involves
choosing a basis for C;. Unfortunately, there is no canonical choice of basis, and
different choices will give different Hamming weights of a given error. We address
this issue by introducing the concept of a potential function. Recall that an element
X € IFZQ is a codeword of Cx = T(QID, Cy) if and only if every local view x|y ),
v € V} is a codeword of C;-. We define the potential by the distance of the local
view to the codespace, which can be inferred from the syndrome. More formally,
we have the following definition:

Definition 9 (Local and Global Potential Functions). Let ¢ € Fg be an error. Define

the local potential at a vertex v € V| by the Hamming distance

Us(e) = d (elgq - CL) - 2.8)

The global potential is defined as

Ue) = Z U,(e). (2.9)

vev]

The local potential is the minimum weight of a correction that is needed to take the
local view of the error (or corrupted codeword) back into the local codespace Ci-.
Thus, it is a quantity that can be computed just from the syndrome. We will abuse
notation and also write U, (o) = U,(e) and U(o) = U(e). Note that in absence
of a local code, in other words a local code where the codewords are the vectors of
even Hamming weight, the local potential is simply either O or 1 depending on if the

constraint is satisfied, so it coincides with the Hamming weight of the syndrome.

Our decoding algorithm (Algorithm [2.T) runs by looking for bits to flip in local

views that will decrease the global potential.

We will show that Algorithm [2.1] succeeds in the decoding problem if the initial
error has weight at most a constant fraction of code distance; that is, it can correct
all errors up to some linear weight. The main difficulty of the proof is in showing
that there always exists a vector z that decreases the global potential when flipped.

This is captured in the following theorem, which we prove in the next section.

Theorem 10. Let e € PzQ be an error of weight |e| < dn/6A3 >~ with syndrome

o = Hxe. Then there exists v € Vo U V| and some z € IFZQ supported on the local
view Q(v), such that U(o + Hxz) < U(0).
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Algorithm 2.1 Decoder for quantum Tanner codes

Input: A syndrome o = Hye € ]F|2V‘ [dimCr o an error e € Pg
Output: A correction f € Fg for e.

fe<0

U—U(o)

while U > 0 do
Look for a vector z € Fg supported on a local view Q(v), v € Vy U V; such
that U(o + Hxz) < U
fef+z
o «— 0+ Hxz
U« U(o)
end while
return f

From this property, we can show that the algorithm will output a valid correction.
We do this by proving a statement that applies to a more general class of small-set-
flip type decoders based on a potential function. The proof follows the same idea as
that of Lemma 10 in [[L1]].

Lemma 11. Let @ < 1,s,c be constants. Let C be an [[n, k, d]] quantum CSS
code defined by the classical codes Cx,Cz C F. Let U : F; — Zs( be a (global)
potential function that is constant on cosets of Cx, satisfies U(e) = 0 if and only
ife € Cx, and U(e) < sle| for all e € F}. Suppose we have an iterative decoder
that, given the syndrome of a non-zero Z error of weight less than ad, can decrease
the potential by applying an X operator of weight at most c. Then the decoder can

successfully correct errors of weight less than ad /(1 + sc).

Proof. Let x’ = x + e € F] be a corrupted codeword with x € Cx and error e of

ad

weight [e| < ;3=

. The decoder outputs a sequence of corrections 0 = fy, f1, f2, ...
such that the resulting errors e; = e+ f; satisfy |e;+1—¢;| < cand U(e;)—U(ejs1) > 1

for all i. Suppose we have decoded up to step j. Then

le;j| < leol +|er —eol +---+]ej —e;_i1] (2.10)
<lel+c+---+c (2.11)
<lel+c(U(eg) —U(er))+---+c(U(ej-1) = U(e;)) (2.12)
=le| +c(U(ep) = Ule;)) (2.13)
< (1+sc)le| (2.14)

<ad. (2.15)
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So either U(e;) = 0, or the decoder can find the next correction fj,; to produce
ej+1. Eventually, the decoder will output e; such that U (ey) = 0. In other words,
ey € Cx. Butsince |ej| < ad < d, it must be in €%, and we have decoded to the

correct codeword. ]

‘We can now state our main theorems.

Theorem 12. Fix € € (0,1/28), p € (0,1/2), and § € (0,1/2) with § < h™'(p),
where h(x) is the binary entropy function. For some A sufficiently large, there is an

infinite family of quantum Tanner codes with parameters

0

2
[[n, k= (1-2p)n,d = AAIe

nl]

with n — oo, such that for each n, Algorithm can correct all errors of weight

on
6A3/272(1 +2A2)

le] < (2.16)
Proof. The infinite family of quantum Tanner codes is as described in Section [2.2]
(with distance parameter from the improved robustness of the classical local codes).
To prove the decodable distance, consider the parameters in Lemma [T} Every bit
in an error can at most increase the local potentials of the two incident V; vertices
by one each. This implies the bound U(e) < 2|e|, so we can take s = 2. Since
at each step, the algorithm flips sets within a local view, we set ¢ = A2, From
Theorem |10} the decoder can reduce the global potential when the error has weight
up to ad = 6n/6A>/>~¢. The theorem then follows from Lemma [11] O

Theorem 13. Algorithm[2.1|runs in time O (n).

Proof. To compute the global potential U, we must compute O (n) local potentials.
Each local potential is a function of the constant-sized local view and can be
computed in O(1) time by enumerating vectors supported in the local view. At
the same time, we can store the best candidate correction for the local view. Thus,

the initialization runs in time O (n).

In each iteration, we apply corrections in a constant-sized region, so only a constant
number of local views and candidate corrections need to be updated for the syndrome
and local potentials by the LDPC property. Each iteration of the algorithm runs in a
constant amount of time, and there can be at most O (n) iterations. Hence, the total
runtime of Algorithm[2.1]is O (n). N
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The correctness of the decoding algorithm implies a form of soundness for the
quantum code. This notion is a related to local testability but weaker because it only

applies to errors of sufficiently small weight.

Corollary 14 (Soundness). If e is an error that is correctable using Algorithm
then U(e) > Ad(e, C5).

Proof. Using Algorithm e can be corrected to a codeword of C; in at most

U(e) steps. In each step, at most A” bits are flipped. Therefore, we have d (e, ¢) <
AU (e). O

Corollary 15 (Threshold). Let e € F] be a random error with each entry indepen-
dently and identically distributed such that e; = 1 with probability p and e; = 0
with probability 1 — p. Under this model, the probability that Algorithm [2.1] fails
to return a correction f such that e + f € C; is O(e™"), with a > 0, so long as
p < p*, where

_ )

T 6A3 25 (1 +2A2)

*

P

(2.17)

is a lower bound for the accuracy threshold under independent bit and phase flip

noise.

Proof. By Theorem[12] the decoder is guaranteed to succeed as long as |e| < np*.
The Hamming weight of e is distributed as a Binomial random variable which
concentrates around the mean np. For p* > p, we can use Hoeffding’s inequality

to bound the probability that |e| > np* as
Pr(le| > np*) < e=2P"=P)* (2.18)

which completes the proof. ]

2.4 Proof of Theorem

Before beginning the proof of Theorem [I0] we first elaborate on some conventions
and notation. In the remainder of the paper we will adopt the convention that a
vector x € ]FZQ is treated equivalently as the subset of Q indicated by the vector. This
allows us to write expressions such as x Uy € IF2Q to denote the vector defined by
the union of x,y C Q.

We will often need to consider the restriction of a vector x € Fg to the set of faces

Q(v) incident to some vertex v € V. This is called the local view of x at v. In a
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convenient abuse of notation, we will equivalently consider local views as elements
of IFZQ(V), or as elements of Pg with support on Q(v). For simplicity of notation, we

write local views at v € V with a subscript v, for example x, = x|p(,)-

By the TNC condition, Q(v) is in bijection with A X B so that each local view
naturally defines a A X A matrix, i.e., x, € IF%XA. We will label the faces of Q(v)
by pairs of vertices vy, vo, where v; is connected to v by an edge in A, and v, to v
by an edge in B. In this case, we denote the unique face defined by these vertices
by [vi1,v2] € Q(v) and we say that v; is a row vertex for v, and that v, is a column
vertex. We will use the notation x,[vy, v2] to denote the entry of x, specified by
the face [v{, v;]. Likewise, we will adopt the notation x, v, -] to denote the row of
x, indexed by the row vertex vy, and similarly x,[-, v2] to denote the column of x,
indexed by v,. Given neighboring vertices v € Vy and v’ € Vi, the shared row (resp.
column) of the local views x,, and x,» can be equivalently denoted by either x, [V’, -]

or x, [v, -] (resp. x,[-, V'] or x,/ [, V]).

Let us now define the notion of a local minimum weight correction and other

associated objects.

Definition 16. Let e € FZQ be a Z error. For each vertexv € Vi, we define c,(e) as a
closest codeword in C IL to the local view e,. If there are multiple closest codewords,

then we may fix an arbitrary one.

For each vertex v € Vi, let R} (e) = e, — c,(e) € Q(v). Then we call R} (e) the
local minimum weight correction at the vertex v. We will denote the collection of
all local minimum weight corrections by R(e) = {R}(e)}vev,. We will also define

the total correction

R(e) = UR(e) = U R (e). (2.19)

vev)
Note that the local potential at v is given by
Uv(e) =d (ev’ Cf_) = |ev - Cv(e)l = |R:(€)| s (220)

and our goal is to reduce the global potential U(e) = X.,cy, Uy (e) at every step of
the decoding. When the error e is understood, we will often simply write ¢, R},
and R for short.
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We can now proceed with the proof of Theorem [0} which we split into three cases:

1. In the first case, we consider whether flipping single qubits can decrease the
total potential. If this is not the case, it will introduce extra structure in the
set R.

2. In the second case, we ask if R has high overlap with a codeword of C;" in a
V1 local view. If so, it will allow us to flip a set of qubits that together can

decrease the total potential.

3. The third and most complicated case is the one complementary to the first
two, where no single qubit flip can decrease the total potential, and where R
has low overlap with all local codewords. The intuition here is that R cannot
be a very large set, so every V| local view of the error is close to the local code.
Because the error “looks like” a codeword, we are able to apply reasoning
similar to the local minimality argument in the proof of the distance of the
code. In essence, the expansion of the graph allows us to find a special Vj

vertex whose local view contains a flip-set to decrease the total potential.

2.4.1 Proof of Cases 1 and 2

In this subsection, we prove Theorem [I(] for the first two cases listed above. The
terminology and definitions established in this subsection will also be crucial to the
proof of case 3. To consider the first case, we define the concept of a metastable

configuration.

Definition 17. Let ¢ € Fg be an error. We say that e is metastable if flipping any
one qubit q € Q does not decrease the global potential. We also say that R(e)
and R(e) are metastable if they are obtained from a metastable error e. Note that
while we only define and use metastability for an error e and its configuration of
local minimum weight corrections, the property of metastability is really a property

intrinsic to the underlying syndrome o.

Note that case 1 pertains precisely to the case when the error e is not metastable. If e
is not metastable then there exists some g € Q which decreases the global potential
and Theorem [10| follows. Therefore, in the remainder of this section we consider

the case that e (and hence R) is metastable.
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Figure 2.3: Subsets of QID indicating e, R, and elements of Y. In the diagram Cll is
the repetition code (codewords 00000 and 11111). Note that the red edges without
an arrow are in y, the red edges with an arrow are in R N e, and the undecorated
black edges are just the remaining edges in QID.

Definition 18. Let e € Pg be an error, and let R = {R} (e)}yev, be a set of local
minimum weight corrections for e. We say that R is disjoint if R} (e) N R}, (e) = 0
forallv #V'.

When R is a disjoint set of corrections, we can think of it as a directed subgraph of
QID by viewing each R} as the set of outgoing edges from v (see Figure . The
local view R, is then the set of all edges, incoming or outgoing, incident to v in this
directed graph. Note that in this case, the set R completely defines the underlying
directed graph. Conversely, given the directed subgraph, we may uniquely recover
R by taking R} (e) as the set of outgoing edges at each vertex. Therefore we will
identify a disjoint R with the directed subgraph it defines in the following. We can
likewise identify the set of total corrections R with the undirected graph underlying

R.

Note that R will always be disjoint when e is a metastable error (otherwise flipping
a shared qubit will lower the global potential by 2). For a metastable error, flipping
a qubit ¢ = (v,v’) € R}, which is a directed edge from v to v/, decreases U, by
one and increases U,, by one. We first prove a lemma which shows that metastable

errors are somewhat rigid under additional bit-flips.

Lemma 19 (R-flipping). Let R(e) be a directed subgraph of QID corresponding
to a set of local minimum weight corrections for a metastable error e. Suppose
furthermore that for some subset R C R(e), flipping all qubits of R does not
decrease the global potential. Consider the error e + R. Then a valid configuration

R (e + R) of locally minimum weight corrections for e + R is obtained from R (e) by
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reversing the directions of all edges in R. Moreover, the nearest codewords ¢, at

each vertex remains unchanged, i.e.,

cy(e)=e,+R(e)=(e+R), + R (e+R)=c,(e+R). (2.21)

Proof. Consider any v € V). By definition, each R} (e) is a minimum weight
correction to the local code at v, so ¢, (e) = e, + R} (e) and U, (e) = |R}(e)|. Now

suppose we flip all qubits in R. In the local view of v, we have
cv(e)=e, +RNQO(V)+ R (e) + RNQO(v) (2.22)
=(e+R), +R(e)+RNR'(e)+RNR;(e), (2.23)
where we define R; (¢) = R,(e)\R}(e). Note that R, (e) can be thought of as the

set of incoming edges at v in the directed graph defined by R(e). Therefore, we can

bound the weight of the new minimal weight correction for vertex v by

Uy(e+R) <|R'(e)+RNR (e) + RN R, (e)] (2.24)
=|R(e) + RN R} (e)|+|RNR; ()| (2.25)
=U,(e) = IRNR'(e)|+|RNR; (e)], (2.26)

where the first line follows from equation (2.23)) and the second from the disjointness
of the sets RY(e) and R; (e). Note that if equality holds in equation (2.24), then a

valid minimum weight correction for (e + R), is given by
Ri(e+R)=R(e)+RNR'(e) + RNR;(e). (2.27)

The set RY (e + R) above is obtained from R? (e) by removing all outgoing edges in
R and changing all incoming edges in R to outgoing edges. Also note that in this

case the nearest codeword remains c, (e).

Summing inequality (2.24)) for all v € V; gives a bound on the global potential as

U(e+R) < Z U, (e) - Z IR N R*(e)| + Z IR N R (e)] (2.28)
vev; vev) veV)
=U(e) - |[RNR(e)|+|RNR(e)| (2.29)
=U(e), (2.30)
where in the second line we have used the fact that R(e) = [],cy, Ry(e) =

L lyev, R, (e) by metastability. By the assumption of the lemma, U (e + R) > U(e).
This means inequality (2.24)) must hold with equality for all v € V. Hence, we have
proven that R(e + R) can be taken as R(e), but with the directions of edges in R

reversed. O
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Remark 20. In the scenario of the R-flipping lemma, while the error e + R may not
be metastable itself, the set R(e + R) as defined as in the lemma is still disjoint. This
new set is a valid correction in the sense that each R (e +R) gives a minimum weight
correction to the local code — correcting the error (e + R), to c,(e + R) = ¢, (e) —
at every v € V1. Note that the set of total corrections remains invariant in this case,
i.e., R(e) = R(e +R).

In the second case, we assume that R has high overlap with a codeword of C;". We

formalize this property below.

Definition 21 (Low Overlap). The set R is said to have the low-overlap property at
v € Vi if for all codewords ¢ € Ci, we have |R, N c¢| < |c|/2. We will say that the
set R has the low-overlap property if it has the low-overlap property at every v € Vj.

Before formally proving case 2, let us first provide some rough intuition. When the
low-overlap property is not satisfied, there exists some codeword ¢ € C; at some
vertex v € V| which has large agreement with R,. Using the R-flipping Lemma([I9]
we may assume without loss of generality that R}, = 0. Now imagine flipping the set
R, Nc. Since R} = 0, every edge in R, belongs to a local correction neighboring v.
Flipping R, N ¢ will therefore lower the local potential at each of these neighbors by
1. It will also raise the local potential at v, which was zero before. However, since
R, has large overlap with c it is actually more efficient to apply the correction c\R,
instead of R, N c. In this case, the local error is pushed out of the neighborhood of
its original nearest codeword ¢, (e) and into the neighborhood of ¢, (e) + ¢ instead.
The local potential at v is therefore raised by an amount less than R, N ¢, which
results in an overall lowering of the global potential. Figure [2.4]illustrates the proof

technique.

Lemma 22. Let R be metastable. If R does not have the low-overlap property,
then there exists v € V| and a subset f C Q(v) such that flipping the qubits of f

decreases the total potential.

Proof. Suppose that R is metastable and does not have the low-overlap property.
Then there exists some v € Vi and some ¢ € C;- \ {0} such that |R, (e) N¢| > |c|/2.
Lete’ = e+ Rj(e). If U(e’) < U(e) then we are done. Otherwise U(e’) = U(e),
and by the R-flipping Lemrna we may take R(e’) = R(e) with R} (e”) = 0.

Consider now flipping the additional set of qubits f’ = R,(e’) N ¢ to obtain the

error ¢” = ¢ + f’. For each ¢ = (V',v) € f’, we have ¢ € R} (e’), so that
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Figure 2.4: Flipping bits to decrease the global potential in case 2. The changes
in local potentials after flipping the edges (v, v2), (v,v4) (left to center) and then
flipping (v, v1), (v,v2), (v,ve) (center to right) in the graph QID are shown. The
local potentials at v are indicated within the shaded circles. Potential differences
relative to the first configuration are indicated for the neighboring vertices.

|RY,(e”)| = |R},(e’)| — 1. This is the new value of the local potential at v’. Since
we had U,(¢’) = |R}(¢’)] = 0, the change in the global potential is given by
U(e”)-U(e) =Us(e") = | 1]

Since e}, € C;, a valid correction for e is given by f’+c, where c is the high-overlap
codeword from earlier. This correction has weight | f"+c| = |R,(e)Nc+c| < |c|/2 <
IR, (e)Nc| = |f’|. Therefore U,(e”)—|f’| < 0,and we have U(e”) < U(e’) = U(e).
Our desired flip-set is therefore f = R} (e) + R, (e) N c. O

2.4.2 Proof of Case 3

The preceding subsection proves Theorem|[I0]in the cases when R is not metastable,
or when R is metastable but does not have the low-overlap property. In what
follows, we consider the remaining case where R is both metastable and has the
low-overlap property. We summarize our key list of assumptions for this case below

for convenience.

Assumption 23. Let e € Fg be a Z error of weight |e| < 6n/6A3>7¢. We assume
that e is a reduced error, i.e., it is the minimum weight element of the coset e + C.
We assume that e is a metastable error, and that its set of local minimum weight
corrections R(e) satisfies the low-overlap property Finally, we also require
that the underlying quantum Tanner code be defined using dual tensor codes of
sufficiently large robustness, i.e., with robustness parameter A3/**¢ for some &' > 0.

Throughout the rest of the proof, we fix any € < &’.
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The proof of case 3 proceeds in two general steps. In the first step, we show using
the expansion of the underlying graphs that, given an error e of sufficiently low
weight, there always exists a special vertex vo € Vy with the property that v “sees”
many non-trivial codewords of C4 and Cp amongst its shared local views with the

minimum weight corrections on neighboring vertices.

The second step of the proof proceeds to analyze the local view at the vertex v
described above. We show that due to the pattern of its many shared codewords, it
is either the case that R,, € Q(vo) is sufficiently large to contain a flip-set which
reduces the potential, or else it is small enough that e,, has many columns and
rows which are close to non-trivial codewords of C4 and Cg. In the latter case,
the robustness of the underlying dual tensor code then implies that e,, must have
sufficient overlap with a Z-stabilizer that the addition of this stabilizer will reduce
the weight of e. Since we began without loss of generality with a reduced error e,

this leads to a contradiction.

2.4.2.1 Existence of vy € V)

In the first part of the analysis of the third case, we proceed in a manner parallel to
the proof of Theorem 1 in [9]]. The goal is to show that for an error e with weight
le| < 6n/6A3/>7¢, there always exists a vertex vy € Vy whose local view contains
many columns and rows which are close to non-trivial codewords of C4 and Cp.
Aside from some differences in definitions, the proofs and results of this subsection

are equivalent to their counterparts in [9].

Since our goal is to find a vertex vo € Vy whose local view has many rows and
columns close non-trivial codewords, we first parametrize the vertices of V| with

non-trivial nearest codewords. This is captured by the set Y below.

Definition 24. Let e € Pg be an error and let R = {R}(e)}vev, be a set of local
minimum weight corrections. We define the set of non-trivially corrected vertices
YCVas

Y={veV||R] #e}. (2.31)

That is, a vertex v is in Y if and only if the result of applying the locally minimum

weight correction at v results in a non-trivial codeword, i.e., ¢, = e, + R} # 0.

To work with the vertex set Y, it will also be convenient to define an edgewise version

of the condition R} # e,. To that end, we introduce the set y of “residual errors.”
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Given an error e € FZQ the elements of y are all of the elements of e which have no

overlap with the set of minimum weight corrections R(e) (see Figure 2.3).

Definition 25. Let e € FzQ be an error and let R = {R}(e)}yev, be a set of
local minimum weight corrections. The set of “residual” errors is defined by
y =e\R € F2, ie., y labels the set of errors which are not in any of the local

minimum weight corrections.

The edges of gF indexed by y define a subgraph of QID which we will call GEy.
This subgraph is closely related to the set Y. It is straightforward to see that every
vertex of QEy must belong to Y. Conversely, the low-overlap property implies that
each vertex of ¥ must be incident to many edges in gEy. This means that Y is
precisely the vertex set of QEy and moreover QEy must have large minimum degree.

This discussion is formalized below by Lemmas 26| and [27]

Lemma 26. Let (v,V') € y be an edge in Qlljy. Then both v and v' are elements of
Y.

Proof. By definition, the edge (v,v’) € y is an element of e but not of R. Therefore
(v,v’) is an element of e, (and likewise, of e, ) but not an element of R} (and
likewise, R,). It follows that e, # R} and e,» # R,. O]

Lemma 27. Every vertexv € Y is incident to at least 5A /2 edges in y. In particular,

the subgraph g?y has vertex set equal to Y and minimum degree at least 6\ /2.

Proof. Letv €Y, and consider e, U R,. We have ¢, C e, U R, since

cy=e,+R Ce,UR Ce,UR,. (2.32)
Next we decompose
e, UR, = (e,\R,) LR, , (2.33)
so that
lev] = 1(ev URy) Neyl (2.34)
= [(ev\Ry) Nev| + Ry Ncy (2.35)

< |(ev\Ry) Nyl +enl/2. (2.36)
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The first equality follows from the fact that ¢, C e, UR,, the second equality follows
from (2.33)) and the fact that Hamming weights are additive over disjoint unions.

The last inequality follows from the low-overlap property. Therefore, we have

degGl-;y(V) =yl (2.37)
= lev\Ry| (2.38)
> [(ev\Ry) Ncyl (2.39)
> levl/2 (2.40)
> 6A/2, (2.41)

where the last line follows from the minimum distance of C ll, i.e., 0A, and the fact
that ¢, # O sincev € Y. ]

Each vertex v of QEy has a non-trivial nearest codeword ¢, € C 1* To ensure that the
individual columns and rows of ¢, are themselves close to non-trivial codewords of
C4 and Cp, we appeal to the robustness of the dual tensor code Cj-. Since robustness
only applies to codewords of weight at most A>/%*¢, we first define the concept of
a normal vertex. Roughly speaking, a vertex is considered normal precisely when

robustness can be applied to its nearest codeword.

Definition 28. Let us define a normal vertex of Y as a vertex with degree at most
%A3/ 22 in Qluy. A vertex of Y which is not normal is called exceptional. We denote

the subsets of normal and exceptional vertices as Y, and Y,, respectively.

Since QEy has large minimum degree, the expansion of QID now ensures that as long
as QEy has sufficiently few edges, it must contain many normal vertices. Note that
Lemma [29|is the only place where the assumption on the weight of |e| (and hence
ly|) is explicitly used.

Lemma 29. Suppose that |y| < 6n/6A3%~ = §AV2*¢|V,|/12. Then the fraction of

exceptional vertices in Y, C Y is bounded above as

IY,| 576
< .
|Y| A1+25

(2.42)

Proof. By Lemma the minimnum degree of gEy is at least %(5A. This implies
that

Vil
3AL/2-¢ "

2
Y| < 5—A2|y| < (2.43)
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Applying the Expander Mixing Lemma to E(Y,,Y) in QID, we get

AZ
|E(Y.,Y)| < 71||Y||Ye| +4AV|Y||Y| (2.44)
1
< §A3/2+3|Ye| +4AVIY. Y. (2.45)

By definition of ¥, it holds that |E(Y,,Y)| > $A%/?*#|Y,|. Combining the inequali-
ties, it follows that

Ye| _ 576
|Y| = A1+25'

(2.46)

]

Using the robustness of C; and the low-overlap property, we can now show that

each column and row of ¢, for v € Y, is indeed close to a codeword of C4 and Cg.

Lemma 30. Let v € Y, be a normal vertex. Then every column (resp. row) of ¢, is
distance at most AY/?*2 |§ from a codeword in C4 (resp. Cg). Moreover, ¢, contains

at least one row or column which is close to a non-zero codeword of C4 or Cp.

Proof. By assumption of v being a normal vertex, we know that |y,| = |e,\R,| <
1A3/2%¢ From inequality (2:36)), we see that

1 1
slesl < Ie\Ry) Neyl < feu\Ry| < 5A3/2+€. (2.47)

By the robustness of the dual tensor code Ci-, it follows that the support of ¢, is
concentrated on the union of at most |c,|/6A < A'/?*¢/§ non-zero columns and
rows. Using Lemma 45| we conclude that there exists a decomposition ¢, = ¢ +r,
where ¢ € C4 ® F? is supported on at most A!/2*¢ /5 non-zero columns, and where
r e IF?E4 ® Cp is supported on at most A/>*¢/§ non-zero rows. In particular, this
implies that each column (resp. row) of ¢, is distance at most AV/Z+e /6 from a
codeword of C4 (resp. Cp). Since c, is non-zero by definition of Y, it follows
at least one of ¢ or r is non-zero, so that at least one column or row is close to a

non-zero codeword. ]

Now we are in a position to start the search for our special vertex vo € V. To that

end, we define our analog of “heavy” edges in [9]], which we call “dense” edges.
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Figure 2.5: The faces incident to a dense edge (v, v') connecting v/ € W to a normal
vertex v € Y,,. Note that ¢, [-, V'] is close to a C4 codeword.

Definition 31 (Dense Edges). Let E, C E(G") be the edges in GY which are
incident to some square in'y. We say that an edge (v,v’) € E,, where v € V| and

V' € Vy, is dense if it is incident to at least SA — AY/**¢|§ squares of c,.

We then define the vertex set W C Vj to be the set of all vertices incident to a normal

vertex v € Y, through a dense edge.

From the perspective of a vertex v/ € Vp, only individual columns and rows of its
neighboring nearest codewords ¢, are visible. Dense edges are precisely the edges
through which v’ expects to see non-trivial codewords of C4 or Cp. The set W C V;
defined above can therefore be thought of as the set of “candidate” vy’s. We will
identify a vertex of W with a linear number of dense edges but a sublinear number
of exceptional neighbors in Y,. Such a vertex will allows us to utilize the robustness

properties of the local codes.
We first show that each v/ € W must have many neighbors in Y (see Figure [2.5)).

Lemma 32. The degree in E, of any v’ € W is at least %5A—A1/2+‘9/6. In particular,

every v’ € W is adjacent to at least %6A — AY?*2 5 vertices in Y.

Proof. Let v’ € W. By assumption, there exists a dense edge (v, v’) connecting v’
to a normal vertex v € Y,. Let us assume without loss of generality that (v,v’) is a

B-edge so that ¢, [+, V'] defines a column of c,,.

Note that the degree of v’ in E|, is lower bounded by the weight of the corresponding

column in y,, i.e., degEy(v’) > |yy[-V]].

Let cy4 € Cy4 denote the codeword closest to ¢, [-,v’]. Since (v,Vv’) is dense, it

follows from Lemma [30]|that c 4 is non-zero. We can form the matrix which is zero
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everywhere except on the v’-column, where it is equal to c4. Note that this matrix
will be a codeword of C ll, and that the low-overlap property applied to this codeword
implies that |R,[-, V'] Ncal < |cal/2.

Then we have

lcal = ley [V T neal +lea\eu [ V]| (2.48)
<ley[ V] Neal+AY**e)s (2.49)
<yl V] Ncal + R[5 V] Neal + AV (2.50)
< o[-V 11+ leal/2+ A2 s, (2.51)

where the second line follows from Lemma 30 the third line from the fact that

¢y €y, UR,, and the last line from the low-overlap property. This gives us
OA/2 < leal/2 < |yu[ V] + AVZ s (2.52)
Therefore we have
degEy(v’) > |y, [, V]| 2 %OA —AVZEs (2.53)

Lemma [26| now ensures that each v/ € W is adjacent to at least %5A — A5

elements of Y. ]

Knowing that each v/ € W has many neighbors in Y, the expansion of G implies

that the number of vertices in W must be small compared to Y.

Lemma 33. For A large enough, the set W satisfies the bound

81

W< —
Wl < 1

Y] . (2.54)
Proof. Using Lemma [32] we know that each vertex in W is adjacent to at least
%5A — A/2+2 /§ vertices in Y. Therefore we can bound the edges in G¥ between Y
and W by

1(5A A 1cSAl 2 2.55
Ecgu(Y,W)| = | z0A - W|=-= -—F— | |W]. .
Egu W) (38 - | Wi = 30 1= w259
Applying the Expander Mixing Lemma, we have
A
|Egu(Y,W)| < — |Y[|W|+4A2\|Y W] . (2.56)

i
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From equation (2.43)), we have

Vil
Y] < AL (2.57)
Combining these inequalities, we end up with
1 2 A
SOA (1 - =] W] < —|Y||W|+4A %Y ||W 2.58
: ( 52A1/2_8)| < il Y]IW] (2.58)
1
< §A1/2+5|W| +4A 2|y W], (2.59)
or equivalently,
Loap 2 2 Y|
§6A (1 N 36A1/2‘8) < Wi (2.60)
Taking A sufficiently large so that
2 2 8
- S52AL2—¢  35AL/2-¢ g (2.61)
we end up with the desired bound. [

We expect each v € Y, to be incident to at least one dense edge by virtue of having
a column or row close to a non-trivial codeword. This means that the total number
of dense edges is at least on the order of |Y,|. Lemma [33|in turn suggests that the
number of dense edges is large relative to |W|. This implies that the average vertex
in W should be incident to a large number of dense edges. This is formalized by
Lemma (34 and Corollary |35/ below.

Lemma 34. Let D denote the set of dense edges incident to W. Then the average
degree of W in D is bounded by

DL 20a (2.62)
W]

for some constant « > 0[3

Proof. First, note that every v € Y, is incident to at least one dense edge, which is
then by definition in . To see this, consider c¢,, which is non-zero by definition
of Y. It follows from Lemma [30] that ¢, contains at least one column or row which

is close to a non-zero codeword of C4 or Cp, which in turn implies that column or

ZNote that we may choose @ to be anything smaller than §%/192 by taking A sufficiently large.
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row must have weight at least SA — A/>*¢/5. By definition, such a column or row

is defined by some edge (v,v’) € GV, which is then a dense edge incident to v.

Since each dense edge has at most one endpoint in Y,,, it follows the above discussion
that |D| > |Y,| = |Y| - |Y.|. From Lemmas[29]and [33] it follows that

576 AS? 576
Y] =Yl 2 (1— A1+28)|Y| T (1—A1+28) W1 (2.63)
Therefore we get
D] 62 576
— > —|1- A =2aA. 2.64
W] =81\ Al ¢ (264)

]

Corollary 35. At least an a/2 fraction of the vertices in W are incident to at least

al dense edges.

Proof. Let n be the fraction of vertices in W with dense degree greater than A.

The maximum degree of any vertex in G is 2A, so it follows that

2aA < % <2An+ (1 -n)aA. (2.65)
Therefore we have n > a/(2 — @) > /2. O

We have now shown that there exists a subset of vertices in W incident to many
dense edges. We must now show that within this subset, there exists vertices which
are not adjacent to many exceptional vertices in Y,. We expect this to be the case
since the number of exceptional vertices is small relative to the number of normal
vertices. To proceed, we bound the number of edges shared between W and Y, in
Lemma 36 below.

Lemma 36. The total number of edges in G between W and Y, is bounded above
by

|Egu(W,Y,)| < 193A127¢|w| . (2.66)
Proof. Using the Expander Mixing Lemma, we get

A
|Egu(W,Y,)| < WIYeIIWl + 4VAVY,||W] . (2.67)
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Using Lemma [29] and inequality (2.43), this becomes

576 —e
[Ege (W, X0l < o VIIW +96A ViYW (2.68)
192 _

As noted in the proof of Lemma [34] each vertex of Y, is incident to at least one
vertex in W. Since each vertex of W has degree 2A, it follows that |Y,| < 2A|W]|.
Choosing A sufficiently large that

576 1
Al+2s < 3 (2.70)
it follows from Lemma 29 that |Y,| = |Y| — |Y,| > |Y|/2, so that |Y| < 4A|W].
Combining these bounds, we obtain
192 e
|Egu(W,Y,)| < mlWl + 96AH/|Y||W] (2.71)
192 1/2-¢
< mlWl + 192A [W| (2.72)
1
=192 (1 + K) AV W) (2.73)
< 193A778|w| . (2.74)

]

Putting everything together, we can finally show the existence of the special vertex
Vo, as formalized by Corollary

Corollary 37. At least an a /4 fraction of the vertices of W:

1. are incident to at least aA dense edges, and

2. are adjacent to at most (172/a)AY?=¢ = BAY27¢ vertices of Y,.
In particular, at least one such vertex exists since a > 0.

Proof. Let W be the subset of vertices in W satisfying condition 1, and let W, be
the subset of vertices in W not satisfying condition 2. Since each vertex of W is

adjacent to more than (772/a)A'/>7¢ vertices of Y,, we get

(Wa| - (772/@)AY?7% < |Egu(W,Y,)| < 193AY272|w], (2.75)
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which implies that [W,| < (a/4)|W|. Therefore the set of vertices satisfying both

condition 1 and 2 is bounded below by
(W\W2| = [Wi| = [Wa| 2 a|W|/2 - a|W|/4=alW|/4. (2.76)
O]

2.4.2.2 The local view at v

Let vo € W be a vertex satisfying the conditions of Corollary[37] In this subsection,
we analyze the structure of y and R from the perspective of vo € Vj. Let yg, eg, and

R( denote the local views of y, e, and R at the vertex vy.

We will write [v, V'] € Q(vp) to denote the face anchored at vy with neighboring
V1 vertices v and v/, with the implicit convention that unprimed vertices v denote
row vertices, and primed vertices v’ denote column vertices. We will also write
N(vg) C V; to denote the set of all neighbors of vg in G¥, and N, (vg) and N.(vg)

to denote the set of row and column vertex neighbors, respectively.

We first show a key result regarding the structure of yo and Rg. As a consequence
of metastability, the edges of Ry must complement the edges of yo to complete
codewords on either columns or rows shared with neighboring local views (see
equation [2.77). This allows us to split Ry into disjoint parts depending on whether

columns or rows are corrected.
Lemma 38. We can write Ry = Rco U Riow, Where we have

YO [V, ] U Rrow [Va ] = CV [V()’ ] ’ and yO['a vl] U RCOI[" V/] = cv’ ['9 VO] ’
(2.77)

forallv € N.(vo) and v’ € N.(v).

Proof. Let g = [v,V'] € Ry. Since R is metastable, it follows that g belongs to
exactly one of R} or RY,. Suppose without loss of generality that ¢ € R;. Since
e, + R} = c,, it follows that g € c, if and only if ¢ ¢ e. Likewise, since g ¢ R,
it follows that ¢ € ¢,/ if and only if ¢ € e. It follows that ¢ must be an element of

exactly one of ¢, or ¢,.

Let Row € Ro denote the collection of all ¢ € Ry which belong to ¢, for some row
vertex v. Likewise, let R.,; € R denote the collection of all ¢ € Ry which belong

to ¢,» for some column vertex v’. Then by the preceding discussion we have

Ro = Rrow U Reol - (2.78)
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Next, we show equation (2.77). We focus on the row case, with the column case

being analogous. Note that we have

yolv, ] = ev[vo,-]\Ry[vo, ] (2.79)
C ey[vo, \R [vo, ] (2.80)
C ey[vo, ] + R} [vo, -] (2.81)
=cy[vo, -] . (2.82)

Also, we have Ry [V, -] C ¢, [vo, -] by definition. This implies that

Yo [V’ ] U Rrow [V, ] Coy [VO’ ] . (283)
Conversely, we have
cvlvo, -] = ey[vo, -] + R} [vo, ] (2.834)
C ey[vo, -] URy[vo,-] (2.85)
= V[V()’ ] [VO’ ] (286)
=yo[v,- ] U Ro[v,]. (2.87)

Since all elements of Ry belonging to ¢, are by definition in R;,y, it follows that we

have
cvlvo, -] € yolv, -1 U Rrow[v, -] (2.88)
It therefore follows that
yolv, I U Rrow[v, ] = ¢v[vo, -], and  yo[- V'] U Real[+ V'] = cv [+ v0],
(2.89)
which hold for all v € N, (vg) and v’ € N.(vg). [

Corollary 39. Let [v,V'] € Q(vo). If v € Y then Riow|[v, ] = 0. Likewise, if v/ ¢ Y
then Reo1 [, V'] = 0.

Proof. We work with the row vertex v, with the column case being identical.
Suppose that v ¢ Y. Then by definition, the closest codeword to e, at v is the trivial
codeword ¢, = 0. Evaluating equation (2.77) at the row defined by edge (v¢, v), we

have

Yo [V, ] LI Rrow [V, ] =Cy [VO’ ] =0, (290)

which implies that Ry [v, -] = 0. O
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Let us now provide some intuition for the remainder of the proof. The decomposition

shown in Lemma 38| allows us to consider two separate scenarios:

1. First, imagine that Ry has high weight relative to yo. Then Lemma[38|suggests
that the columns and rows of R are close to codewords of C4 and Cp. An
argument similar to the one used in the proof of case 2 would seem to suggest
that there exists some subset of Ry which would decrease the global potential

when flipped.

2. Alternatively, consider the scenario where Ry has low weight relative to yg.
In this case, yq is close to egp, and Lemma now implies that the columns
and rows of e are close to codewords of C4 and Cpg. The robustness of the
dual tensor code Cll suggests that we can find a codeword cop € C4 ® Cp, i.€.,
a Z-stabilizer, which has high overlap with ey. But this is in contradiction

with the fact that ¢ was assumed to be a reduced error.

Given the discussion above, we will finish the proof as follows: Suppose that no
subset of Q(vg) decreases the global potential when flipped. We will show that this
necessarily implies that Ry has sufficiently low weight (as formalized by Lemma4T])
that the argument outlined in scenario 2 can be carried out. Specifically, we will
show that there exists some cg € C4 ® Cp such that |e + cg| < |e|, contradicting the

fact that e is reduced.

To proceed, we will need to analyze the value of the potential on a new configuration
of errors, one obtained from e by flipping all the qubits of e N Ry. The utility
of this new error configuration é comes from the fact that the rows of Ry, and
columns of R are exactly equal to the local minimum weight corrections for é (see

equation [2.91)), giving us better control over the potential.

Let ¢ = e+enN Ry = e\Ryp. We first show that some key quantities remain
unchanged in this new error configuration. Since é is obtained from e by flipping
a subset of R without decreasing the global potential, the R-flipping Lemma [19]
implies that the new total correction R = R(¢é) will be equal to the old one, i.e.,
R = R(é) = R(e). This implies that the vector of residual errors y likewise stays
invariant, i.e., j = y(é) = é\R = ¢\R(e) = y(e). The situation after flipping Ry N e
is illustrated in Figure 2.6|and summarized by Lemma [40]

Lemma 40. Suppose that no subset of Q(vo) decreases the global potential when
flipped. Let é = e\Ry denote the configuration of errors obtained after flipping
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YC

("
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€p = Yo =)o Riow

Y,

Y, Y, Ye

Figure 2.6: The vq local view after flipping Ry N e. The various regions indicate the
possible supports of the labeled quantities.

all the elements of Ry N e. In this new error configuration, we may take the local
minimum weight corrections to be as given by the R-flipping Lemmal[l9, Specifically,

we have R = R and § = é\R = e\R = y. Moreover, we have éy = v, and
RI'OW [V, '] = E: [VO, '] ’ and RCOI[" V,] = R~:—’ ['9 VO] ’ (291)

forall [v,v'] € Q(vop).

Proof. The fact that we may take R = R follows directly from the R-flipping
Lemma (19 which ensures that the original and updated local minimum weight

correction sets differ only by the orientations of edges. It follows that we also have
y=e\R=(e\R))\R=¢6\R=7. (2.92)

Note that since € N Ry = 0, it also follows that ¥y = é.

Now, let v be a neighbor of v, and suppose without loss of generality that it is a row
vertex. By the R-flipping Lemma [T9] the nearest codeword ¢, remains unchanged

after flipping Ro N e. In particular, we must have

Yo[v. -1 U Reow[v, -] = cv[vo. -] = &[v, -]+ R} [vo,-] = yolv,- U R} [vo, ],
(2.93)

where the first equality follows from Lemma[38] the second from the invariance of the
codeword c,, and the last from the facts that &y = §o = yo and éy[v, -] N R [vo, -] €
éo[v,-1 N Ro[v,-] = 0. It follows that we must have Ryow[v -] = R [vo, -]. O
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Since the rows (resp. columns) of Ry (resp. R¢o) are equal to the local minimum
weight corrections (for €) on neighboring vertices, we expect that Ry cannot be
too large. Otherwise, Ry would have enough overlap with the neighboring local
minimum weight corrections that subsets of it can start lowering the potential.
Therefore the fact that no subset of Ry can lower the potential implicitly places a

bound on its size. This is formalized by Lemma {4 1| below.

Lemma 41. Suppose that no subset of Q(vo) decreases the global potential U when

flipped. Then we have

3A3/2+E
0

|Ro| < (2.94)

for sufficiently large A.

Proof. Consider the error configuration € = e\ Ry. By assumption we have U(¢é) =
U(e). Using Lemma we have &y = jo = yo and Ry = Ry.

Let v be, without loss of generality, a row vertex. Since we have Ryow[v, ] =

R*[vo, -], it follows that flipping Row [V, -] decreases the local potential U, (&) by
[Reow [v, ]I, L.e.,

Uy(€ + Reow[v, 1) = Uy (&) = |Rrow [V, 1] - (2.95)

Now, suppose that v € Y. Let cp be the closest codeword of Cp to ¢, [vo, -]. Then

Uv(é+y0[ ])—U (e+Rrow[ ]+CV[v0’ ]) (296)
A1/2+8
< U,(é+ Riow|v,:] +cp) + 5 (2.97)
A1/2+s
= Uv(e~ + Rrow[V, ]) + 5 (2.93)
1/2+e
= UL() = |Ruow [y 1l + =——, (2.99)
where the first equality follows from the fact that

yO [V, ] u RI‘OW [V, ] = )’0 [V, ] + RI’OW [V, ] = CV [VO’ ] (2100)

The second line follows from Lemma [30] and the third line follows from the fact
that U, (e + ¢) = U, (e) for any ¢ € C;. The last line is just equation (2.93)). Note

that an analogous version of inequality (2.99)) also holds for column vertices.

Consider now the global potential U(é + yg). Note that it follows from Lemma
that yo will have empty intersection with the local view of any v not in Y, so that
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only the local potentials associated with vertices of ¥ can be affected by flipping
vo. We will bound the potential by explicitly separating out the contributions of the
exceptional vertices in Y, over which we have little control. Let us write 8 = 772/«

for the constant appearing in Corollary [37] Then we can bound the change in the

potential by
0<U(é+yo)-U(e) (2.101)
= Z (Uy(€+yo) — Uy(&)) (2.102)
VGN(V())QY
< D (U@ +yo) - Uy(8) + A3, (2.103)
veN (vo)NYy,

where the first inequality follows from the assumption that no subset of Q(vg)
decreases the global potential when flipped, the second line from the fact that only
the local views associated with vertices of N(vg) NY are affected by flipping yo, and
the last line removes the contributions resulting from the vertices in Y,. The SA%/>~¢
term in the last line comes from the fact that there are at most BA!/27% vertices of
N (vo) NY, as a result of Corollary[37] each of which can increase the weight of the
potential by at most A.

Splitting the sum above into row and column parts and applying inequality (2.99),

we get
D, (U(E+y0) = Uy() (2.104)
veN (vo)NYy,
= D W@y D-U@EN+ D (Un@+yolv]) - Un(2))
VEN; (vo)NYy V'EN:(vo)NYy,
(2.105)
A1/2+s , A1/2+.9
< 2, (—|me[v,-]|+ > )+ 2 (—|Rc01[-,v]|+ >
VEN, (vo)NYy, Vv €N, (vo)NYy,
(2.106)
, 2A3/2+8
<= D Rewlvill= 3 (Rl ]I+ . (2.107)
VEN, (vo)NYy, Vv EN.(vo)NYy,

By Corollary @], it follows that the rows of R;,y, (and columns of R, respectively)
are zero if the indexing vertex is not in Y. It follows that we have

Z |Rrow [V, ]l = Z |Rrow [V, ]l > |Rrow| - ﬁA3/2_8 ’ (2-108)

VEN, (vo)NY, veN, (vo)\Ye
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and likewise
D RealVl= DT (Reals V2 [Reall = A7, (2.109)

V' €N (vo)NYy V€N (vo)\Ye

where the BA3/27¢ correction term again comes from the vertices in ¥, over which

we have no control. Altogether, we have

A3 [2+e

0< _|Rr0W| - |Rcol| + + 3ﬁA3/2_8 . (2.110)

Taking A sufficiently large so that A%® > 353, we finally get

3A3/2+s

Ryl <
[Rol 3

2.111)

]

Lemma[T|shows that Ry is small. This now allows us to follow the remaining steps

outlined in scenario 2 above to complete the proof of Theorem [I0}

Corollary 42. Suppose that no subset of Q(vo) decreases the global potential U
when flipped. Then we have

A A 10A3/2+8
d(yo,CA®F2)+d(yo,F2 ® Cp) < s (2.112)

for sufficiently large A.

Proof. Consider the distance of y( to the row codespace Ff ® Cp (with the column

case being identical). From equation (2.77)), we have

Yo [V’ ] + Rrow [V, ] =Yo [V’ ] u Rrow [V’ ] =0y [VO’ ] . (2-113)

If v ¢ Y then Corollary 39]implies that each of the terms above is zero. If v € ¥,
then Lemma [30]implies that

A1/2+8

d(yO [V’ ] + Rrow [Va ']’ CB) = d(cv [VO, '], CB) < 5

(2.114)

Summing over all rows, and accounting for the exceptional vertices v € Y,, we get

3/2+e

d(y0 + Rrow, F) ® Cp) < + A2 (2.115)
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where the A3/2*¢ term comes from the non-exceptional vertices and the A3/27¢ term

from the exceptional vertices. Since

3A3/2+8
| Rrow| < |Rol < —— (2.116)
by Lemma 1] it follows that we have
3/2+¢ 5A3/2+g
d(yo,F§ ® Cp) < > +BAY?E < — (2.117)

where the last inequality follows from the fact that we took A large enough so that
A% > 386 in Lemma [

Corollary 43. Suppose no subset of Q(vo) decreases the global potential U when
flipped. Then the local view yq has weight

1
lyol > ZadAz (2.118)

for sufficiently large A.

Proof. From Corollary it follows that v is adjacent to either > (aA—BA/>7%)/2
normal row vertices v € N, (vo) NY, or > (aA—BA'/?>7¢) /2 normal column vertices
v € N.(vp)NY, through dense edges. Suppose without loss of generality that it is the
former. Then by definition of dense edges, it follows that |c, [vo, -]| = SA—Al/2*¢ /¢

for each of these vertices.

Summing the first equation in (2.77) over all row vertices v, we get

Yol + 1Reowl = D" Iyolv, ] U Reow[v, ]| (2.119)
VEN; (vo)

= ), levbvoll (2.120)
VENV(VO)

> (@A - BAYZE)(6A - AVP*E68) )2, (2.121)

where the last inequality follows from the preceding discussion. Choosing A suffi-

ciently large so that
2
(@A = BAYZE)(6A — AVPHe5) > §a/6A2 (2.122)

and applying Lemma 1] we get
3 A3 /2+e

1
lvol = sadA* -

2.123
3 5 (2.123)



54
This implies that
1
lyol = me, (2.124)

again for sufficiently large A. 0
Finally, we are now in a position to complete the proof of Theorem [I0}]

Theorem Since the code C;' is chosen to be A3/%*¢ robust for &’ > &, it follows
from Corollary [42] and Proposition [f] that there exists some c¢o € C4 ® Cp such that

|yo — co| < 15A%/?*¢/5, which holds so long as A is chosen large enough so that
6A®" > 10A%. Applying Lemma this implies that

18A3/2+8
|eo +Co| = |y0 +egN Ry +C()| < |y() + C()| + |R0 N 6()| < T . (2.125)

Since we have |eg] > |yo| > (ad/4)A?, it follows that we have |eg + co| < |eo|

whenever
72
—— < AV/FE 2.126
s ( )
This contradicts the fact that e was chosen to be a reduced error. ]

2.5 Discussion and conclusion

In this paper, we have shown the existence of a provably correct decoder for the recent
quantum Tanner codes construction of asymptotically good qLDPC codes. Our
decoder has runtime linear in the code blocklength, and provably corrects all errors
with weight up to a constant fraction of the distance (and hence the blocklength).
A key idea behind the decoder is the introduction of a global potential function
which measures the stability of the error against locally defined corrections. Our
decoder proceeds operationally in a manner similar to the small-set-flip decoder for
quantum expander codes [11], checking candidate subsets defined within the local
views of the code to see if the global potential function can be reduced at each step.
We prove that such a reduction is always possible for sufficiently low weight errors,
which we use to show that the decoder successfully corrects all errors of weight
le| < 6n/A7/27%. The existence of our decoder implies a notion of soundness for the
quantum Tanner codes construction (see Corollary [T4)). It also implies an accuracy

threshold against stochastic noise (see Corollary [I5]).

An important part of our proof for the correctness of the decoder involves showing

the existence of dual tensor codes of larger robustness (A3/%*) than was established
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in [9]. This result also gives a constant factor improvement in the distance of
the code. In addition, it leads to a simplification in the construction of quantum
Tanner codes in that the dual tensor codes are no longer required to be resistant to

puncturing.

A number of open problems remain at this point. One major problem is the time
complexity of the decoder. While the runtime of the decoder is linear in the
blocklength, there are constant prefactors on the order of 24? arising from the need
to check all subsets of the A%-sized local views. This renders the decoder impractical
in reality. Part of the problem stems from the inherently large check weights (A?)
of the quantum Tanner codes construction. A natural follow-up problem therefore
is to look for ways to reduce the absolute runtime of the decoder, for example by

reducing the check weights of the underlying code construction.

Another problem is related to the decoding of the asymptotically good qLDPC codes
by Panteleev and Kalachev [8]. While the quantum Tanner codes construction is in
many ways similar to the codes by Panteleev and Kalachev, we do not currently know
how to efficiently decode the Panteleev-Kalachev code. It would be interesting to
see if our current decoder can be modified to work for the Panteleev-Kalachev code.
A related — and more generic — problem is the existence of efficient decoders for
good qLDPC codes constructed by the balanced product construction [7] in general,

especially with the presence of non-trivial local codes.

Our current decoder requires the checking of local views belonging to vertices of
both V and Vj. This is in contrast to the small-set-flip decoder, which only requires
checking the supports of generators of a single type. It may be possible that a tighter
analysis (for example, using a stronger version of the low-overlap property, or more
robust local codes) may allow us to eliminate the need to check both vertex types. A
better understanding of the candidate flip-sets in general may be useful, especially

towards the problem of lowering the runtime mentioned earlier.
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2.A Existence of dual tensor codes with sufficiently high robustness

In this appendix, we show the existence of dual tensor codes with sufficiently
high robustness, which we require as a component of the quantum Tanner codes
construction in order to prove correctness of our decoder. We will use the following
notation throughout this section. Given codes C4 and Cp defined by parity check
matrices Hy and Hp, we denote their dual tensor code (Cy ® Cz)* by C4p for short,

with the dependence on Cy4, Cp being implicit.

We first recall the definition of a w-robust dual tensor code as defined in [9]].

Deﬁnition(w—Robustness). Let Cy,Cp C IF’; be classical codes with distances d 4
and dp, respectively. We say that the dual tensor code Cyp = Co @ F) +F, ® Cp
is w-robust if every codeword X € Cap with |X| < w is supported on the union of
at most | X|/d s non-zero columns and |X|/dp non-zero rows. That is, there exist
rows A’ with |A’| > n — |X|/dp and columns B’ with |B’| > n — |X|/da such that
X|arxp =0.

Definition 44 (Sufficiently Robust). We say that C4p is sufficiently robust if there

exists some € > 0 such that Cap is A3/**¢-robust.

When a codeword of a dual tensor code is supported on few columns and rows, it

has a decomposition into column and row codewords respecting this support.

Lemma 45. Let C4 and Cp be classical codes of distance at least d and C =
Cs® ]Fg + Fg‘ ® Cp be the dual tensor code. Suppose X € C is supported on the
union of a non-zero rows and 8 non-zero columns, with a,8 < d. Then X can be
written as X = r + ¢ wherer € IF? ® Cp is supported on at most @ non-zero rows

andc € Cy ® ]Fg is supported on at most 3 non-zero columns.

Proof. Let A’ be the rows and B’ be the columns that X is supported on. We
have @ = |A’] and B = |B’|. Let C4,,Cp be the projections of C4 and Cp onto
the complements A’ and B’, respectively. Because |A’|, |B’| < d, the projections
Cy — Cyp and Cp — Cp are isomorphisms, and hence so is the projection
Cia®Cp— Cy ®Cp.
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Let X = r + ¢ be any decomposition where r € Fg ®Cpandc € C4 ® Fg. By
assumption, we have X|,.,p = 0, so we have that r|, .z = €| 4xp. It follows
that this quantity is in C4» ® Cp'. By the isomorphism above, there exists a unique
Y € Cp ® Cpsuchthat Y|, wp = rlgup = €|axp - Again due to the isomorphism
above, we actually know that Y is equal to r on the rows indexed by A’, and also that
Y is equal to ¢ on the columns indexed by B’. Therefore, X = (r+Y)+ (c+7Y) is
the desired decomposition with (r+7Y)|4xp =0and (¢ +Y)|sxp = 0. O]

We use a probabilistic argument to show that randomly chosen dual tensor codes
will be sufficiently robust with high probability. There are several ways to randomly
choose a classical code, which we make use of in different parts of the proof. We

first show that these distributions are almost the same.

2.A.1 Lemmas about random codes

In this subsection, we collect some basic results about various ensembles of random
codes. The main utility of these results is in the proof of Theorem |57, where we must
consider random ensembles of punctured codes. While the majority of the results
in this appendix are more conveniently shown using ensembles of codes obtained
from random parity check matrices, it is much simpler to perform puncturing on
codes defined using generator matrices. The results proven in this subsection will
allow us to freely switch between the various closely related ensembles of random

codes so that we may use the most convenient ensemble at each step.

Let Cy, Cy, C3 be random classical codes of length A chosen from three different
ensembles:
1. Let H ~U (Fél_p )AXA) be a uniformly random parity check matrix and let

Cy =kerH.

2. LetG ~ U (ng;) A) be a uniformly random generator matrix and let C; =
col H.

3. Let S ={C C FS : C is a pA-dimensional subspace} and let C3 ~ U(S) be

a uniformly random pA-dimensional subspace.

Lemma 46. For a fixed C € S, we have

Pr(C; =C |rank H = (1 — p)A) =Pr(C, = C | rank G = pA) =Pr(C3 =C).
(2.127)
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Proof. We first prove that Pr(C; = C | rank H = (1 — p)A) = Pr(C3 = C). Since

C3 is drawn from a uniform distribution, it is sufficient to show that given two

pA-dimensional subspaces C’, C” € S, we have
Pr(C; =C’ |rankH = (1 — p)A) =Pr(C; =C” | rank H = (1 — p)A). (2.128)

Equivalently, we show that the number of full rank matrices H with ker H = C’ is

the same as the number with ker H = C”. Let

H, = (H e F\'" "™ . rank H = (1 - p)A, kerH = C'}, (2.129)
H, ={H € Fgl_p)AXA :rank H = (1 — p)A, kerH =C"}. (2.130)

Because C’ and C” have the same dimension, there is an invertible matrix A € PgXA

such that AC” = C”. Consider the bijective linear map

frETma | gllmpaxa (2.131)
Hw— HA™'. (2.132)

Now if ker H = C’, then for any x € C”, we have
f(H)x=HA 'x=0 (2.133)

since A~!x € C’. Thus, f restricts to a bijection between H; and H,.

The other equality is shown similarly. We prove that the two sets

Gi = {G € F)™" : rank G = pA, col G = C'} (2.134)
G> = {G € F** . rank G = pA, col G = C"} (2.135)

have the same cardinality. Define

g BN 5 EYO, (2.136)
G AG. (2.137)

Suppose G € G;. For any y € C;, we have A‘ly € Cy,soletx € F';A be such that
Gx = A~'y. Then
g(G)x=AGx=AA"y=y. (2.138)

This shows that g(G) € G», and so g is a bijection between G| and G,. ]

Lemma 47. The probability that H or G is not full rank is exponentially small:

Pr(rank H # (1 — p)A) <27P%  and  Pr(rank G # pA) < 2-1=P4 (2.139)
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Proof. Let the columns of G be g1, g2, ..., gpa. If G is not full rank, there must be

a non-trivial subset of the columns that sums to zero. Thus, a union bound gives

Pr(rank G # pA) = Pr (Z gi = 0 for some nonempty subset S C [pA]| (2.140)

ieS
< > P (Z g = o) (2.141)
0#SC[pA] ieS
< 2pAp A (2.142)
_o-(I-pA (2.143)
The same argument shows that Pr(rank H # (1 — p)A) < 27PA, O

The above two lemmas imply that statements about random codes do not depend

much on which distribution the codes are chosen from.

Corollary 48. Let V denote the set of all subspaces of IF%. Then the total variation
distance o7y (Prc;, Prc;) between the distributions of C; and C; is bounded above by

1 _
orv(Prc,. Prc,) = 5 Z |lér(C,~ =C) - Pr(C; = O)| < 279® (2.144)
cev J

fori,j e {1,2,3}.

Proof. Let us compare the distributions of C; and C3. Note that C3 is uniformly

random on § and zero on V\S. Therefore we can write

1
orv(Pic,,Prc) = 5} |Br(C1 =€) = Pr(C3 = C)| (2.145)
CeV i

1 1
=3 2 |G =0) =BG =) +5 ), Pr(C1=0C)

CeS CeV\S 1
(2.146)
1 L
=3 Z |lglr(C1 =C) - ESY(CB = C)| + Elg,r(dlmcl # pA)
CeS
(2.147)
1 1
S§Z|lgf(cl=C)—lgf(C3:C)|+§-2 A, (2.148)

CeS
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where the last inequality follows by Lemma[d7} For C € S, the previous two lemmas
imply that

Er(Cl =C) = F;Ir(Cl =C |rank H = (1 — p)A) -F;Ir(rankH =(1-p)A) (2.149)
1
> lgr(c3 =C)(1-27P%). (2.150)
3
It follows that

D Pr(C1=0)=Pr(C3=C)| < Y Pr(Cs=C)2Ph =274 (2.151)
(o] C3 Cs
CeS CeS

It follows that we have
5rv(Pre,, Pre,) < 27°8. (2.152)

The same argument holds when comparing C, and C3, with the upper bound
2-(=PA, O

Note that the total variation distance can equivalently be given by
orv(Pre,, Pre;) = sup |Pr(C; € A) — Pr(C; € A)|. (2.153)
Acy G Cj

The most common way we will apply Corollary [4§]is in terms of joint probability

distributions. For independent random variables, the total variation distance satisfies

6TV(PrCi,CJ” PrCi,Ck) < 5TV(Per7Per) . (2154)

This allows us to freely switch between the various joint distributions, up to an

exponentially small overhead.

2.A.2 Random codes are sufficiently robust

Throughout this section, we will use the notation ©( £ (x)) to denote ( f (x) log f(x)).
For a € (0, 1), we have the following asymptotic bound for the binomial coefficients
which we will use frequently:

(” ) = 2601 (2.155)

na

Note that equation (2.155)) follows from the bound [21]

112nh(k/n) < (Z) < Qnh(k/n) (2.156)
n
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after some basic algebra. Here, /(x) denotes the binary entropy function.

The goal of this section is to show that randomly chosen dual tensor codes will
be sufficiently robust with high probability. Towards this goal, it will be more
convenient to work with a condition which is proxy for w-robustness, one which we
will call sparse robustness (and its associated punctured version). In all that follows
we will fix some small but otherwise arbitrary constant € > 0. All definitions below
are technically made with reference to some chosen &, but we will suppress the

dependence out of brevity.

Definition 49 (Low-Weight and Sparse). We will say that a matrix X € IF"%XA is
low-weight if | X| < A3/?*. We will say that X is sparse if each row and column of
X has weight at most AV/*+?¢,

Note that low-weight and sparse above are closely related but distinct notions.
Neither implies the other. We ultimately want to show robustness against low-

weight codewords, and we do so by first showing robustness against sparse matrices.

Definition 50 (Sparse Robustness and Puncturing). Let C4p be a dual tensor code
with distance d > 5A. We say that Cp is sparse robust if Cop does not contain any

non-zero sparse codewords.

LetCy C Ff beacodeandlet A" C A. We say that the code C 4 C Ff' is a punctured
code obtained from Cy if the codewords of C 4+ are precisely those obtained from C 4
by removing all entries in A’ = A\A’. In this case, we also say that C: is obtained
from Cy by puncturing on A’. Note that a generator matrix for C: is obtained from

a generator matrix for C4 by removing the entries supported on A’.

Let P denote the set of all codes C 4 p obtained from Csp by puncturing A and B on
A'=¢ coordinates (note that |A’| = |B’| = A — A'=¢ in this case). We say that Cap is

sparse robust with respect to puncturing (SRP) if every Ca g € P is sparse robust.

The connection between w-robustness and sparse robustness is formalized in the

lemma below.

Lemma 51. Let Cap be a dual tensor code with distance d = 6A. For sufficiently
large A, if Cap is sparse robust with respect to puncturing then it is A>**¢/2_robust.

In particular, Cap is sufficiently robust.

Proof. Let Csp be sparse robust with respect to puncturing. Let X € Cyp be a
codeword of weight | X| < A3/?*4/2, From Lemma 30 of [9], if X is supported on the
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union of at most d/2 = §A/2 rows and columns, then it is supported on the union of
| X|/d rows and columns. Therefore, it suffices to show that X is supported on the

union of at most 6A/2 non-zero rows and columns.

Since | X| < A3/7*¢/2 it can have at most A~ rows or columns which are of weight
greater than A!/2*3¢/2_ By removing these high-weight rows and columns, it follows
that there exists some puncturing sets A’, B’ of size A'~# such that X punctured on
those coordinates has all columns and rows with weight at most A!/2¥3¢/2_ The idea
now is to show that the punctured matrix X’ is sparse, so that it must vanish by
the sparse robustness of the punctured code Cy4 5. The sparsity of X’ is slightly
complicated by the fact that it is a matrix of size A’ = A — A= < A. To account
for the smaller size of A’, let us choose A to be sufficiently large so that A" > A/2.

Then we have
A1/2+38/2 < (2A/)1/2+38/2 < (A/)1/2+28 , (2157)

where the last inequality holds as long as we choose A large enough so that 4 <
glog, A. It follows that for sufficiently large A, the rows and columns of X’ have at
most (A’)1/2+2¢ entries, so the punctured matrix X’ is sparse. Since C4 p is sparse
robust by assumption, it follows that X" = 0. Therefore X must have been supported
on its punctured rows and columns, of which there are O(A'~%). This will be less
than d/2 = §A/2 for sufficiently large A, and the result follows. [

We will therefore proceed by first showing that a randomly chosen dual tensor code
will be sparse robust with high probability, and then use this fact to show that
random dual tensor codes are sparse robust with respect to puncturing—and hence

sufficiently robust—with high probability.

For a dual tensor code C4p with distance d > 6A, we are automatically guaranteed
that there are no non-zero sparse codewords supported on fewer than §A non-zero

rows and columns.

Lemma 52. Let Cp be a dual tensor code with distance d > SA. Let y € (0,1)
be some constant. For A sufficiently large, the dual tensor code Cyp contains no
non-zero sparse codewords which are supported on the union of < y6A non-zero

rows and < yOA non-zero columns.

Proof. Suppose that X € Cxp is sparse and is supported on a union of at most 6A

non-zero rows and columns. By Lemma[45] there exists a decomposition X =r +c¢
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where ¢ € Cy ® Fg andr € F‘z“ ® Cp such that ¢ has < ydA non-zero columns, each
of which is a codeword for C4, and r has < ydA non-zero rows, each of which is a

codeword for Cp. Since X is sparse, it follows that each column of ¢ has weight
le[-,i]| < yoA + Al/Z2e (2.158)
Choosing A large enough so that A!/2*2¢ < (1 —y)dA, we get
le[-,i]] < A (2.159)

so that ¢[-,7] = 0. Since this holds for every column, it follows that ¢ is the zero

codeword. The same logic applies tor. [

It follows that to show a random Cup is sparse robust, it suffices to show that it
cannot contain any sparse codewords with more than §A/2 non-zero columns and

more than §A/2 non-zero rows.

Theorem 53 (Sparse Robustness). Fix constants{3 pa, pp € (0,1), € € (0,1/14),
and 6 € (0,1).

Let Hy € Fgl_pA)AXA and Hg € ]F;l_pB)AXA

matrices defining codes C4 and Cp, respectively. Then the probability that Cap has

be uniformly random binary check

distance d > 6A and is not sparse robust is bounded above by
21, (Cap is not SR and d 2 64 < o) (2.160)

To prove Theorem |53| we first begin with some setup. Let us define X C F@XA as

the set of all sparse matrices with more than §A/2 non-zero rows and columns, i.e.,
X = {X e F)** | X is sparse
and has > 6A/2 non-zero rows and > dA/2 non-zero columns}. (2.161)

We first bound the number of high and low rank matrices in X.

Lemma 54. Let b € (0,1/2) and let

Xi = {X € X | rank(X) < A'/?*} (2.162)
X> = X\X| = {X € X | rank(X) > A/Z*0y (2.163)

3Note that we are only interested in the upper bound on the probability here, so we do not restrict
the values of the p4, pp, and 6. With particular choices of p4, pp, and 9, this result implies that
sparse robust codes exist by the Gilbert—Varshamov Bound.
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Then we have the cardinality bounds?

1Xi| < 29 gnd1X| < 204V (2.164)

Proof. We begin with the proof of the high rank case. Since the overwhelming
majority of matrices in X are expected to be high rank, we simply bound the total
number of matrices in X as a whole. Since each matrix in X is sparse, it can have
weight at most A3/2*2¢. We can therefore bound |X| by the total number of matrices
of such weight, given by

A3/2+28

A e A? & (A\3/2+2
|X| < Z (]) < A3/2+2 (A3/2+28) = 2®(A )- (2.165)
J=0

Now we bound the low rank case. Let us see how many ways we can build some
X € X with rank X = N. We first fix a basis for the row space of X. Since X is
sparse, each basis vector can be chosen in at most

A1/2+2£

A 1/2+2 A @(A1/2+28)
Z (J) S AVEEL e =2 (2.166)
=1

ways. There are N basis vectors, so there are at most

(2®<AI/2+25>)N _ gOWNA2) (2.167)

possible (ordered) bases for the row space of X. We can place these basis vectors

into the rows of the matrix X in at most

A A &0 A1/24b
e

ways. Having fixed a row space basis, each of the remaining rows must be a
linear combination of these basis vectors. By row reduction, let {v{,...,vy} be
another basis for the row space of X such that each v; has a 1 in some column c¢;
in which every other v; is 0. Now, every row of X is also a linear combination of
{vi,...,vn}. If the basis vector v; appears in the linear combination defining a row
rj, then (r;)., = 1. However, by column sparsity, ()., = 1 can only be true for at
most A'/2*2¢ values of j. There are therefore at most

Al/242e

A 1/2 e A @(A1/2+2s)
> (J) <AV ] =2 (2.169)
=0

“Note that these bounds only make use of the sparsity condition, and not the restriction on the
number of rows and columns.
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ways to choose the rows which contain a given v; in its linear combination. Making

this choice for each v;, it follows that there are at most
(:)(Al/2+2£) N (;j(NAl/2+28)
(2 ) -2 (2.170)

ways to fill out the remaining rows of the matrix, since we have chosen the subset
of {vi,...,vy} in the linear combination defining every row of X. Combining
everything, and summing over the rank N, it follows that there can be at most
Al/2+D
Z 2@(NA1/2+23)2@(A1/2+b)2@(NAI/2+2£) S A1/2+b ) 2@(Al+25+b) _ 2@(A1+2£+b) (2 171)
N=1

distinct matrices in Xj. L]

For low-rank matrices X € X, we want to show that H4 X is also likely to have low

rank. This uses the following lemma:

(1-p)AXA

Lemma 55. LetY € FéXA' be a matrix of rank M and let H € T,

uniformly at random. Then for any K,

be chosen

M
Pr(rank(HY) = K) < (K)2—<<1—P>A—K><M—K> . (2.172)

Proof. Let yi,...,yy be linearly independent columns of Y. If rank(HY) = K,

Pgl_p A In other

then {Hy1,...,Hyy} must span a K-dimensional subspace of
words, there is a K-element subset S C [M] such that Vs = span{HYy;}es is K-
dimensional and Hy; € Vs for all i € [M]. Let S denote the set of all K-element

subsets of [M]. We have

l;r(rank(HY) =K) (2.173)
:IZ{(E]S € S such that dim Vg = K and Hy; € Vg for alli € [M]) (2.174)
< > Pr(dimVs = K and Hy; € Vs forall i € [M]) (2.175)

SeS "
< > Pr(Hy; € Vs foralli € [M] | dim Vs = K) (2.176)

SeS H
= Z ]_[ Pr(Hy; € Vs | dimVs = K) . (2.177)

SeSie[M] 1

Now, consider some fixed S in the latter sum. If i € §, then Hy; € Vs is guaranteed.

Otherwise, because the y; are independent, the Hy; are independently mapped to
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uniformly random vectors in Fél r )A, and each of them lands in the fixed subspace
Vg with probability 27((1=P)A=K) Thys,

M M-K
_ ~((1-p)A-K)
Pr(rank(HY) = K) < ( K) (2 P ) . (2.178)
0

We will also need the following fact about the rank of sparse matrices, which first

appears in [9].

Lemma 56 (Corollary 25 of [9]). Let C4 be an error-correcting code with minimum
distance dy > OA. Let Hy be its parity check matrix. Let X € PQXA be a matrix such
that all columns are of weight at most AV/?**¢, and such that X has more than 5A/2
non-zero rows. Then for A sufficiently large, we have rank(HX) > (6/2)A/272¢,

Proof. This follows directly from the proofs of Lemma 24 and Corollary 25 in [9]
with the appropriate modifications of the relevant parameters. [

Now we are ready to prove Theorem [53]

Proof of Theorem It follows from Lemma [52] that a dual tensor code C4p with
distance d > JA is sparse robust if and only if it contains no element of X. Taking

a union bound over X, we can write

Pr (CagisnotSRandd > 6A) < > Pr (X € Capandd > 6A) (2.179)
Hp,Hp X Ha,Hp

- E Pr (HaXHj=0andd > 6A),
Ha,Hp
XeX
(2.180)

where the last line follows from the definition of the dual tensor code. To proceed,
we decompose the sum according to the rank of H4X. It follows from Lemma [53]
(with K = 0) that for any matrix Y with rank(Y) = M, the probability over Hp that
Y HITg = 0 is bounded above by 2~(1=P8)AM _ Applying this fact by taking ¥ = H X,

we get



67

Z Pr (HAXHY =0andd > 6A) (2.181)
Ha,Hp
XeX
< > Pr (HaXHj=0and dy > 6A) (2.182)
Ha,Hp
XeX
rank(X)
= Z [ Pr (HAXH! =0 | rank(HsX) = M and ds > 5A)
Xex M=o LHaHE
X Pr (rank(HsX) =M and dg > 6A) (2.183)
Ha,Hp
rank(X)
<y Y 27 UM pr(rank(HAX) = M and dj 2 6A). (2.184)
XeX M=0 Ha

We can bound the inner sum using Lemma [56] Note that any X € X satisfies the
hypotheses of Lemma[56] Therefore we get

rank(X)
Z Pr(rank (HsX) = M and d, > SA)2~(1=pB)AM (2.185)
m=0 "
rank(X)
= Z Pr(rank(HaX) = M and dp > SA)2-(-pB)AM (2.186)
M=(5/2)A1/2-2= "
rank(X)

IA

Pr(rank(H,X) = M)2~(1=PB)AM (2.187)
M=(5/2)A1/2-2= "
where we drop the distance condition in the last line since it has now played its part

in allowing the application of Lemma[56|

We will now bound the total probability in two stages by splitting the outer sum (see
Lemma into a low rank part X; C X (where rank X < A!/?*?) and a high rank
part X, € X (where rank X > A2y with b € (2¢,3¢), to get

rank(X)
Z Z Pr(rank (H,X) = M)2~(-pp)AM (2.188)
XeX M=(5/2)A12-2¢
rank(X)
- Z Z Pr(rank(HsX) = M)2~(-Pr)AM (2.189)
XeXi M=(5/)a12-2e
=P
rank(X)
+ Z Z Pr(rank(HAX) = M2~ (=pB)AM (2.190)

XX, M=(5/2)A1 22"

=P,
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Bound for P;. We can bound the low rank part P; using the cardinality bound for
|Xi| in Lemma[54] We get

rank (X
P = Z Z( ) Pr(rank (HAX) = M)2~(-p5)AM (2.191)
XeX| M=(5/2)A1/2-2¢
< Z o~ (1-p5)A-(5/2)A12-2¢ (2.192)
XeX
= Xy | - 2707 (2.193)
S 2(:)(Al+28+b)2_®(A3/272‘9) (2 194)
= 9O (2.195)

The second line follows by bounding the inner sum using its largest term. The last
line follows due to the fact that 4s + b < 7& < 1/2, so that A>/?72¢ asymptotically

dominates A!+2e+b O]

Bound for P,. Tobound the expression P, we will assume without loss of generality
that pp < pa. If thisis not the case, we can switch the roles of C4 and Cp by applying
the current argument to the transposed code Cp4, noting that the set X is invariant

under transpose. Writing N = rank(X), we can bound the inner sum of P, as

rank (X)
Z Pr(rank (HsX) = M)2~(1-pp)AM (2.196)
M=(5/2)A1/2-2e

min(N,(1-pa)A) (N
<

M)2_((1_pA)A—M)(N—M)2—(1—pB)AM (2.197)

M=0

min(N,(1-p4)A) N

M=0 M
SL(Z_(I_pA)A + 2_(]_pB)A)N (2199)
<L2N2-(1-pa)AN (2.200)

where we apply Lemma[55]in the second line and also extend the limits of summation

down to M = O for convenience. We write

L= max (2<N—M>M ) , (2.201)
0<M <min(N,(1-pa)A)

which we extract from the sum in the third line above. We apply the binomial

theorem in going to the fourth line, and the last line follows from the assumption
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that pp < pa. To bound the remaining expression, we split into a two cases

depending on the sizes of (1 — p4)A and N.

1. If we have N < 2(1 — p4)A, then L = 2V*/4 < 2(1=p2)AN/2 44 we have

[2N2-(1=p)AN  5(1=pa)AN/24N=(1=pa)AN (2.202)
_ 5= (1/2)(1-pA) AN+N (2.203)
_ 7-O(AN) (2.204)

2. If N > 2(1 — pa)A, then L = 2(1-P)AN=(1-p4)A) and we have

2N~ (1=pa)AN _ 2(1—PA)AN—((1—pA)A)2+N—(1—PA)AN (2.205)
= 2 (1=pa)A%N (2.206)
= 270 (2.207)

Since N = rank(X) > A'/2*® it follows that we have

rank(X)
3/2+b
D1 Pr(rank(HaX) = M)2"(17onM - - Q(aY?) (2.208)
M=(s/2)Al/2-2e "
in both cases. Bounding |X;| using Lemma[54] we finally get
P2 < |X2|2_Q(A3/2+b) < 2(:)(A3/2+28)2_Q(A3/2+b) _ 2—Q(A3/2+b) ’ (2209)

where the last equation follows from the fact that we chose 2& < b, so that A3/2*0

asymptotically dominates over A3/2+2¢. [

Altogether, combining the bounds for P and P;, it follows that
Pt (CapisnotSRand d > 6A) < Py +P; < 2O L H=Q(AEE) ) 210)
A>I1B
= 0OV 2.211)

]

Theorem [53] shows that random dual tensor codes are sparse robust with high
probability. We now proceed to use this result to show that random dual tensor
codes are also sparse robust with respect to puncturing with high probability. The

main result of this section is the following theorem.
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Theorem 57 (Sparse Robustness with respect to Puncturing). Fix constants pa, pp €
(0,1), & € (0,1/14), and 6 € (0,1/2) withs < min(h~"(pa), i~ (pB)), where h(x)

is the binary entropy function.

Let Hy € Fgl_p WA nd Hp € Fgl_p 8D po uniformly random binary check
matrices defining codes C4 and Cp, respectively. Then Cyp has distance d > 6A
and is sparse robust with respect to puncturing with high probability. More precisely,

we have
Pr (Cagis SRPand d > 6A) > 1 — 279" (2.212)
Ha,Hp

In particular, it follows from Lemmal51|that random dual tensor codes have distance

d > 0A and are sufficiently robust with high probability.

Proof. We have

Pr (CqpisSRPandd > 6A) =1—- Pr (CppisnotSRPord < 6A).
Ha,Hp Ha,Hp
(2.213)

We will upper bound the latter probability. For 6 < min(A~'(p4), h"'(pg)),
the Gilbert-Varshamov bound implies that randomly chosen parity check matri-
ces Ha, Hg will define codes with minimum distances d = min(d4, dg) > A with

probability 1 — 27%(®)_ Taking a union bound, we have

Pr (Capisnot SRPord < 6A) < Pr (Capisnot SRPand d > 6A)
Ha,Hp Ha,Hp
+ HEIrqB(d < OA) (2.214)

= Pr (CapgisnotSRPand d > 6A) + 2790
Ha,Hp

(2.215)

Let A" and B’ be the set of all coordinates obtained from A and B by puncturing on
a subset of size A!=¢. Note that C 45 will fail to be SRP if and only if there exists
some A’ € A’ and B’ € B’ such that the punctured code Cy4-p is not SR. We can
therefore take a union bound over ‘A’ and B’ to get

Pr (Capisnot SRP and d > 6A) < Z Pr (Cyp isnot SR and d > 6A).
Ha,Hp Ha,Hp

(2.216)
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To handle the puncturing, it is more convenient to take the random codes over

uniformly chosen generator matrices. To that end, we can apply Corollary 48]to get

Pr (Cap isnotSRandd > 6A) < Pr (Cap isnot SR and d > 6A) + 2794
Ha,Hp Ga.Gp
(2.217)

where the latter probability is over codes defined by randomly chosen generator ma-
trices (of the appropriate sizes). Since G4 and G p are chosen uniformly randomly,
it follows that the the generator matrices for their punctured codes G 4 and G 5 are
also chosen uniformly randomly. Since we only puncture on a sublinear number of
entries, the distance d’ of the punctured code is guaranteed to be above, say 0.90A,

for sufficiently large A. Therefore we have

Pr (Cap isnot SR and d > 6A) (2.218)
GaGp
< Pr (Cpp isnotSRand d" > 0.95A) (2.219)
Ga.Gp
= Pr (Cyp isnot SR and d’ > 0.96A) (2.220)
Ga,Gpr
< Pr (Cap isnotSRand d > 0.95A) +27%N) (2.221)
Hu Hp

where in the last line we apply Corollary 48] once again to return to the distribution
over uniform check matrices H4- and Hp'. We can now apply Theorem [53| with our

chosen parameters?| to conclude that

Pr (Cap isnot SR and d’ > 0.96A) < 270@*7) (2.222)

Hyr ,Hpr

It remains to bound the sizes of A’ and B’. There are at most

A A -&
(Al-s) =28 (2223)

ways to puncture A'~? coordinates of A (or B). Therefore we get |A’| - |B'| =
20(A"*) Returning to (2.216), we have the following bound of

Pr (Cpisnot SRPand d > 6A) < |A/| - |B| - (27 @A) 4 2704

Ha,Hp
(2.224)
= 26(817%) () (2.225)
SRS (2.226)

Note that the blocklength of the punctured code is proportional to A’ = A — A'~#. Since the
leading order behavior is unchanged, we have @(A3/2-28) = @((A’)3/272#).
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Therefore
Pr (CagpisSRPandd > 6A) =1—- Pr (Capisnot SRPord < 6A) (2.227)
Ha,Hp Hu,Hp
> 127904 (2.228)

and the result follows. ]

Theorem [7]follows easily from Theorem [53]and Lemma [51}

Theorem [7} Fix constants € € (0,1/28), p € (0,1/2), and § € (0,1/2) such that
8 < h™Y(p), where h(x) is the binary entropy function. For all sufficiently large A,
there exist classical codes C4, Cp of length A and rates ps = p and pp = 1 — p such
that such that both the dual tensor code of C4 and Cp and the dual tensor code of

C j and Cy are A3/%%_robust and have distances at least SA.

Proof. Let C4 be a uniformly random classical code of length A and rate p. That
is, Cy4 is a uniformly random pA-dimensional subspace of ]F?. Similarly, let Cp be
a random (1 — p)A-dimensional subspace of FS. By Theorem |53 and Lemma
we have

Pr (Cyap is not A¥**4_robust or d < 5A) < 2794 (2.229)

Ca,Cp

where we also use Corollary {8 to switch from the distribution defined by random
parity check matrices to one defined by random subspaces. Since C;; and Cj are
also uniformly random subspaces of }Fé of dimensions (1—p)A and pA, respectively,
we also have
P (Caepe is mot A37*2 _robust or dt < 6A) < 2794 (2.230)
ALB
where Cy:p. is the dual tensor code of C; and Cy and d* is the distance of Cy1p..

Therefore,
CPg (Cap and Cyrp: are A3/?*¢_robust and d, d* > O0A) > 1 - 279 | (2.231)
AsUB

so for sufficiently large A, there exist Cy4, Cp satisfying the conditions. Note that
we require & < 1/28 in the theorem because the SRP parameter of up to 1/14 in
Theorem [53]is halved in Lemma O

We remark that we did not give the tightest bounds in the section because in the

A3/2*¢_robustness for

proof of our decoder, we only needed dual tensor codes with
any € > 0. By more carefully tracking the exponents throughout the argument, it is

possible to show the existence of A3/2*¢_robust dual tensor codes for any £ < 1/6.
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Chapter 3

SINGLE-SHOT DECODING OF GOOD QUANTUM LDPC
CODES

Quantum Tanner codes constitute a family of quantum low-density parity-check
(LDPC) codes with good parameters, i.e., constant encoding rate and relative dis-
tance. In this article, we prove that quantum Tanner codes also facilitate single-shot
quantum error correction (QEC) of adversarial noise, where one measurement round
(consisting of constant-weight parity checks) suffices to perform reliable QEC even
in the presence of measurement errors. We establish this result for both the sequential
and parallel decoding algorithms introduced by Leverrier and Zémor. Furthermore,
we show that in order to suppress errors over multiple repeated rounds of QEC,
it suffices to run the parallel decoding algorithm for constant time in each round.
Combined with good code parameters, the resulting constant-time overhead of QEC
and robustness to (possibly time-correlated) adversarial noise make quantum Tanner

codes alluring from the perspective of quantum fault-tolerant protocols.

3.1 Introduction

Quantum error correcting (QEC) codes [1, 2] are the backbone of quantum fault-
tolerant protocols needed to reliably operate scalable quantum computers. Due to
their simplicity, stabilizer codes [3], which can be realized by measuring a set of
commuting Pauli operators known as parity checks, have received much attention.
From the perspective of fault tolerance, it might be desirable to further require
that qubits are placed on some lattice and to restrict parity checks to be constant-
weight and geometrically local. However, such topological QEC codes, which
include the toric code [4, 5] and the color code [658] as examples, have limited
code parameters [9-11]. To avoid these limitations, one can drop the assumption
about geometric locality of parity checks (while still maintaining the assumption
about their constant weight) to obtain a more general family of QEC codes known
as quantum low-density parity-check (QLDPC) codes; see Ref. [[12] for a recent
review. Importantly, QLDPC codes can have essentially optimal parameters, as
shown by recent breakthrough results [13-16], culminating in the construction of
(asymptotically) good QLDPC codes whose encoding rates and relative distances

are constant [[17]. A key component of the construction of asymptotically good
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QLDPC codes is the presence of “product-expanding” local codes. Since then, a

few alternative constructions of good QLDPC codes have been proposed [18, [19].

Good parameters alone are not enough for QEC codes to be interesting beyond the
theoretical realm. In order to be practically relevant and useful, QEC codes need
computationally efficient decoding algorithms which process the error syndrome and
identify errors afflicting the encoded information. Importantly, decoding algorithms
need to operate at least at the speed at which quantum fault-tolerant protocols are
being implemented; otherwise, the error syndrome will keep accumulating and one
will suffer from the so-called backlog problem [20]. Recently, a few computationally
efficient (and provably correct) decoding algorithms have been developed for good

QLDPC codes [19, 21, 22], assuming access to the noiseless error syndrome.

To extract the error syndrome, one usually implements appropriate quantum circuits
composed of basic quantum operations, such as state preparation, entangling gates
and measurements. Unfortunately, these basic operations are imperfect and, for
that reason, the assumption about the noiseless error syndrome is unrealistic. In
particular, practical QEC codes and decoding algorithms should exhibit robustness to
measurement errors. Arguably, one of the simplest ways to achieve such robustness
involves repeating measurements until a reliable account of the error syndrome is
obtained [, 23]]. However, this approach incurs significant time overhead since the

number of repetitions needed in general grows with the code distance.

An alternative to repeated measurement rounds of the error syndrome was introduced
in the form of single-shot QEC by Bombin [24]]. The basic idea behind single-shot
QEC is to carefully select a code for which the decoding problem has sufficient
structure to reliably infer qubit errors even with imperfect syndrome measurements.
The strength of this approach is that significantly fewer measurements are necessary
for codes that admit single-shot decoding compared to the simple strategy of repeated

measurements.

Single-shot QEC can be considered either for stochastic or adversarial noise. In
the stochastic case, one is interested in noise that afflicts a (randomly selected)
constant fraction of qubits. Additional structure may be needed for both the noise
and the code, since the expected weight of the errors can be far beyond the code
distance. Examples of such structure include sufficiently high expansion in the
associated factor graphs, e.g., quantum expander codes [25]; or the presence of
geometrically local redundancies among constant-weight parity checks, e.g., the 3D

subsystem toric code [26) 27] and the gauge color code [28]. In the adversarial
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case, as considered by Campbell [29], one can realize single-shot QEC for any code
by measuring a carefully chosen set of parity checks; similar ideas of exploiting
a redundant set of parity checks to simultaneously handle measurement and qubit
errors were also explored in Refs. [30-32]]. The limitation of this approach is that,
even when starting with a QLDPC code, the parity checks needed for single-shot
QEC may have weight growing with code length, which makes it less appealing
from the perspective of quantum fault-tolerant protocols.

We remark that while stochastic noise and adversarial noise models are generally
incomparable, the distinction fades for asymptotically good QEC codes. Since
these codes, by definition, have constant relative distance, they have the ability to
correct arbitrary errors of weight up to a constant fraction of the number of qubits.
In particular, stochastic noise with sufficiently low rate is correctable with high
probability. Since in the rest of the paper we focus on good QLDPC codes, it

suffices to consider the case of adversarial noise.

3.1.1 Main results

In this article, we focus on a class of asymptotically good QLDPC codes called quan-
tum Tanner codes [18]. They admit computationally efficient decoding algorithms,
such as the sequential and parallel mismatch decomposition algorithms introduced
in Ref. [33] and the potential-based decoder introduced in Ref. [22]. The problem
of decoding quantum Tanner codes has so far been considered only in the scenario
with noiseless error syndrome. Here, we study the performance of the aforemen-
tioned sequential and parallel mismatch decomposition decoders in the presence of
measurement errors. We show that the decoders are single-shot, under the following

definition. For a more detailed discussion of single-shot decoding, see Section [3.3]

Suppose a data error e occurs on the qubits. Let o be the (ideal) syndrome corre-
sponding to the data error. Suppose that the measured syndrome is corrupted by
measurement error D. With access to the noisy syndrome & = o + D as input, the

decoder tries to output a correction f close to the data error.

Definition 58 (Informal Statement of Definition [67)). A decoder is said to be (a, B)-
single-shot if, for sufficiently low-weight errors, the correction f returned on input
F satisfies |e + f|r < ale|r +B|D|, where |e|g is the stabilizer-reduced weight of e,

i.e., the weight of the smallest error equivalent to e up to the addition of stabilizers.
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In other words, using a single round of noisy syndrome measurement, the decoder
finds and applies the correction f, resulting in the residual error e + f of weight
below ale|g + B|D|. Let n be the number of physical qubits of the quantum Tanner

code. Our main theorems are as follows.

Theorem 59 (Informal Statement of Theorem [89). There exists a constant 3 such
that the sequential decoder (Algorithm[3.1)) is (@ = 0, B)-single-shot.

Theorem 60 (Informal Statement of Theorem [92). There exists a constant B such
that for all « > 0, the O(log(1/a))-iteration parallel decoder (Algorithm is
(a, B)-single-shot. In particular, for O(logn) iterations of parallel decoding one

obtains a = 0.

We further consider the situation where multiple rounds of qubit error, noisy syn-
drome measurement, and decoding occur. We show that under mild assumptions
on the weights of qubit and measurement errors, repeated applications of an («, 3)-
single-shot decoder will keep the residual error weight bounded. Specifically, con-
sider the case where an initial error (e, D) is partially corrected by the decoder,
leaving aresidual error . A new error (e2, D>) is then applied on top of the existing
residual error, giving total error (e’ +e2, D2). The decoder attempts to correct using
a new round of syndrome measurements (without using the syndromes of previous
rounds), leaving residue e,. This process is repeated for multiple rounds. Then we

have the following.

Theorem 61 (Informal Statement of Theorem [69). Consider an («a, B)-single-shot
decoder and multiple rounds of errors (e;, D;) fori = 1,--- ,M. For any ¢ > 0,
there exists a constant C, > 0 such that if max(|e;|, |D;|) < C.n for all i, then the

final residual error €', satisfies |e',|r < cn.

A direct implication of this result is that for the parallel decoder (Algorithm[3.3), a
constant number of iterations suffices to keep the residual error weight bounded at
each round. This process can be repeated essentially indefinitely until ideal error
correction is required, at which point the O (log n)-iteration parallel decoder can be

used. For more details, see the discussion at the end of Section[3.3.3]

The rest of this paper is organized as follows. In Section [3.2] we provide the
necessary background on quantum Tanner codes. For more detailed explanations,
see Refs. [18] and [33]. In Section [3.3] we describe the decoding problem for
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quantum (CSS) codes under measurement noise, and discuss the notion of single-
shot decoding. We then define («, f3)-single-shot decoding and derive general
consequences of this definition under multiple rounds of error and decoding. The
main result of this section is the proof of Theorem [69] Section [3.4] forms the bulk
of the paper. There, we review the sequential and parallel decoders from Ref. [33]]
and prove that the decoders are single-shot in Theorems [§9]and [92] Finally, we end
with some discussions in Section

3.2 Quantum Tanner codes

3.2.1 Classical codes

A classical binary linear code is a subspace C C F}. We refer to n as the block length
of the code. The number of encoded bits (also referred to as the code dimension) is
given by k = dim C and the rate of the code is R = k/n. The distance of C is defined
as d = minyec\ (o |x|, where | - | is the Hamming weight of a vector and where 0
denotes the zero vector. A code with distance d can protect against any unknown
error of weight less than d/2. Often, it is useful to specify a code C via a parity
check matrix H. By definition, C = ker H.

The dual code of a code C is defined as C+ = {x € F} . (x,y) =0Vy € C}. The
tensor product code of two codes C4 € Fy', Cp € F is C4 ® Cp C F)*F, where the
codewords can be thought of as matrices such that every column is a codeword of

C4 and every row is a codeword of Cp. The dual tensor code of C4 and Cp, denoted
by C4 H Cp, is defined as

CaBCp=(CHoCy)" =Ca®FE +F} ® Cp C F*E.

A parity check matrix for C4 H Cp is H4 ® Hp, where Hy and Hp are the parity

check matrices of C4 and Cpg, respectively.

The dual tensor codes we use are required to satisfy the following robustness condi-

tion.

Definition 62. The code C4 B Cg is said to be k-product-expanding if any x €
C4 H Cp can be expressed as ¢ +r, with c € Cy ®P§ andr € IFE‘ ® Cp such that

1 1 1
k| llella+—lIrlls) < 7 lxl (3.1
|A] | B| |Al|B|
Here, ||c||4 denotes the number of non-zero columns in ¢ and ||r||p denotes the

number of non-zero rows in r. When it is clear from context, we will drop the



80

subscripts on the norms. The notion of product-expansion was introduced by
Panteleev and Kalachev [17]. It is equivalent to robust testability of tensor product
codes [34] and agreement testability [35]], and also implies another notion called
w-robustness of dual tensor codes [18]. It has been proven that random codes are

product-expanding with high probability [19, 36].

Theorem 63 (Theorem 1 in Ref. [36]]). Let p € (0, 1). Forany A, let C4 be a random
code of dimension [ pA] and Cg be a random code of dimension [(1 — p)A]. There
exists a constant k such that both C4 8B Cp and C j B Cj are k-product-expanding

with probability approaching 1 as A — oo.

3.2.2 Quantum codes

An n-qubit quantum code is a subspace C of an n-qubit Hilbert space, i.e., C C
(C2)®n. We are interested in stabilizer codes, which are codes that can be expressed
as the simultaneous +1-eigenspace of an abelian subgroup S of the n-qubit Pauli
group satisfying —1 ¢ S. If S can be generated by two sets Sy and Sz comprising,
respectively, Pauli X-type and Z-type operators, then we refer to the corresponding
stabilizer code as a Calderbank-Shor-Steane (CSS) code [37,138]]. By ignoring the
phase factors for such X-type and Z-type operators, we can identify them with their

1 n
supports as vectors in .

For any CSS code stabilized by S = (Sx, Sz), we can define two n-bit classical
codes Cy = ker Hx and Cz = ker Hz, where each row in Hy and H is the support
of a stabilizer generator in Sy and Sz, respectively. The dimension of a CSS code is
k = kx+kz—n,where kx and k2 are the dimensions of Cx and Cz, respectively. The
distance is d = min(dy, dz), where dx = MiNyec,\cy |x| and dy = MiNyecy\cs |x].
A quantum code of distance d can protect against any unknown error of weight less
than d/2. A quantum code C C (C?)®" of dimension k and distance d is said to be
an [[n, k,d]] code. A family of CSS codes is said to be low-density parity-check
(LDPC) if Hx and Hy are sparse, i.e., have at most a constant number of non-zero

entries in every column and row.

3.2.3 Quantum Tanner code construction

We now describe the construction of quantum Tanner codes. The code is placed on
a geometric object called the left-right Cayley complex. Let G be a finite group and
A = A™', B = B! be two symmetric generating sets of G. The left-right Cayley
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as

ay

by b, bs

Figure 3.1: The local structure of the left-right Cayley complex around a vertex
labelled by g € G. The incident faces Q(v) has a natural bijection with A X B. As
examples, the red and blue faces in the complex are mapped to the squares of the
same colors in the matrix given by A X B.

complex Cay, (A, G, B) is a two-dimensional object with vertices V, edges E, and

faces Q defined as follows:

e V =Vyo U Vo1 LU Vip U Vg, where Vii=G X {(i,j)} fori,j € {0,1},

e E=E ,UEpR,where E4 = {{(g,i0), (ag,il)} : g€ G,ae€ A,i € {0,1}} and
Ep={{(8,0/),(gb.1))} : 8 € G,b € B, j €{0,1}},

* 0 =1{{(g,00), (ag,01),(gb,10), (agh,11)} : g € G,a € A,b € B}.

Let Q(v) denote the set of faces incident to a given vertex v. Each face incident to
v can be obtained by choosing an A-type edge and a B-type edge incident to v and
completing them into a square. Therefore, Q(v) is in bijection with the set A X B,
and can be thought of as a matrix with rows indexed by A and columns indexed by
B (Figure[3.1). Similarly, the set of faces incident to a given A-edge is in bijection

with B and the set of faces incident to a given B-edge is in bijection with A.

Consider the usual Cayley graph Cay(A, G) with the vertex set G and the edge
set {{g,ag} : g € G,a € A}. Ignoring the B edges from the complex, we have
that (V, E ) is the disjoint union of two copies of the bipartite cover of Cay(A, G).
Similarly, (V, Ep) is the disjoint union of two copies of the bipartite cover of
Cay(G, B)[] We say that a A-regular graph is Ramanujan if the second largest
eigenvalue of its adjacency matrix is at most 2VA — 1, and we will consider left-

right Cayley complexes with component Cayley graphs Cay(A, G) and Cay(G, B)

'We denote the Cayley graph with left group action by Cay(A, G) and the Cayley graph with
right group action by Cay(G, B). Note that the right Cayley graph Cay(G, B) with edges {g, gb} is
isomorphic to the left Cayley graph Cay(B, G) by mapping every g to g~ .
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as X X 1

a; X X 1

by by bs

Figure 3.2: An example of a stabilizer generator with local codes C4 = span{111}
and Cp = span{110,011}. The codeword x = 111 ® 110 € C4 ® Cp has support
as shown on the right. Identifying that matrix with the faces incident to a Vj vertex
gives an X-type stabilizer generator.

that are Ramanujan. Explicitly, Ramanujan Cayley graphs can be obtained by taking
G = PSL;(q"), where ¢ is an odd prime power and A, B are (appropriately chosen)

symmetric generating sets of constant size A = |A| = |B| = g + 1 [33].

Quantum Tanner codes are CSS codes defined by placing qubits on the faces of a
left-right Cayley complex. We fix two classical codes, C4 of length |A| and Cp of
length | B|, which are used to define a pair of local codes providing the parity checks
of the quantum code. An X-type stabilizer generator is defined as a codeword from
a generating set of Cp = C4 ® Cp, with support on the faces incident to a given
vertex in Vy = Vo U V1. More precisely, there is an X-type stabilizer generator
s(x,v) for every generator x € C4 ® Cp and every vertex v € Vj. Identifying Q(v)
with A X B using the bijection explained earlier, the support of s(x, v) is the subset
of Q(v) defined by the support of x; see Figure for an illustration. Similarly,
the Z-type stabilizers are generated by codewords of C; = Cy ® Cy on the faces
incident to vertices of V| = Vjy; U V}o. The fact that X and Z parity checks commute
is because X and Z generators are either disjoint or overlap on the faces incident
to a single edge. On this set of faces, isomorphic to either B or A, the supports of
the X and Z operators are codewords of either Cg and C#, respectively, or C4 and
Cy, respectively. It is clear that a family of quantum Tanner codes is QLDPC if the

degrees of the component Cayley graphs are bounded.

Leverrier and Zémor showed that quantum Tanner codes defined on expanding
left-right Cayley complexes using product-expanding local codes have good param-
eters [[18}, 133]].
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Theorem 64 (Theorem 1 in Ref. [33]]). Let p, d,,k € (0, 1) and A be a sufficiently

large constant. Let C4,Cp C Pg be classical codes of rates p and (1 — p), re-
spectively, such that the distances of C4,Cp, C j, C g are all at least d, A, and such
that C4 B Cp and CX B Cy are both k-product-expanding. Using a family of A-
regular Ramanujan Cayley graphs Cay(A, G) and Cay(G, B), define the left-right
Cayley complex Cay,(A, G, B). Then the quantum Tanner codes defined using the

components above have parameters

Hn k> (1-2p)n,d > ;i nH . (3.2)
T T T 256A

3.3 Single-shot decoding

3.3.1 Decoding CSS codes

Let us now formally define the decoding problem for quantum (CSS) codes. After
we encode logical information in a quantum code, errors will occur on the physical
system. We are interested in how to “undo” these errors and, subsequently, recover
the original logical state. Specifically, consider a logical state |y) of a stabilizer code
C. A Pauli error E occurs, and we gain information about the error by measuring
a set of stabilizer generators {S;}. This gives a syndrome o, a bit string whose
values o; correspond to the eigenvalues (—1)7 of the stabilizers measured. Thus,
o; = 0 whenever S; commutes with E and o; = 1 when it anticommutes. The task
of decoding is to use ¢ to determine a correction ¥ such that FE|y) = |¢). In
other words, FE should be a stabilizer of the code. When C is a CSS code, we can
express the problem as follows.

Definition 65. Let C be a CSS code specified by two parity check matrices Hy €

FX" and Hy € F7™". Let e = (ex,ez) € F3" be an error with corresponding

syndrome o = (0x,07) € F;Z”X, where 07 = Hyeyz and ox = Hzex. Given
input o, the task of decoding is to find corrections f = (fx, fz) € P%” such that

ex+ fx € Cyand ez + fz € C5.

In the definition above, we associate the bit string e = (e, ez) with the Pauli errors
E = ExEz where Ex and Ez are Pauli X and Z operators with support ex and ez,
respectively (ignoring phase information). The correction f is similarly associated

with a Pauli operator F.

We note that for CSS codes, the decoding problem can be split into two separate
problems for the X and Z codes that can be solved independently. For quantum

Tanner codes in particular, there is symmetry between the X and Z codes, as can be



84

seen by switching V and V; labels and switching Cx, Cp with C+, C g. Therefore, it
suffices to give an algorithm for decoding one type of error. In the remainder of the
paper, we will consider solely the case where X-errors occur, with Z-errors treated
analogously. For convenience, we will often drop subscripts, for example writing e

for ex or H for H;.

The above discussion assumes that the ideal syndrome is accessible to the decoder.
Let us now consider the case when the syndrome measurements are unreliable,
motivated by the fact that the quantum circuits implementing the parity checks
are necessarily imperfect. Suppose that the ideal syndrome oy of an error ey is
corrupted by measurement error Dy, so that the actual noisy syndrome readout is
0x = ox + Dx. A naive decoding of the syndrome Gx may result in a correction
fX which does not bring the state back to the code space, i.e., ex + fX ¢ C ;

Furthermore, there may be no guarantee that ex + fx is close to Cy.

One of the standard procedures to account for measurement errors is to repeatedly
measure the stabilizer generators in order to gain enough confidence in their mea-
surement outcomes [3, [23]]. This will incur large time overhead. Alternatively,
syndrome measurements can be performed fault-tolerantly by preparing special an-
cilla qubit states offline [39, 140]. This will incur large qubit overhead. It would be

ideal if we could avoid both overheads at the same time.

3.3.2 Single-shot decoding

Bombin [24] introduced single-shot decoders as an alternative approach. These
decoders take in a noisy syndrome as input and, even in the presence of syndrome
noise, return a correction that can be used to reduce the data error. Most likely, there
will be some resulting residual error, but its weight is bounded by some function of
the syndrome noise. In more detail, the single-shot property posits that it suffices
to perform O(n) parity check measurements (in the context of QLDPC codes, one
further requires constant weight of measured parity checks), and, using only these
measurement outcomes, one can perform reliable QEC that keeps the residual noise

at bay.

In our analysis, we need the following definition.

Definition 66. Let C be an n-qubit CSS code and e € ] be a Pauli X error. The
stabilizer-reduced weight |e|g of e is defined as the weight of the smallest error
equivalent to e up to the addition of stabilizers of C, i.e., |e|g = mindec? le + €|

The stabilizer-reduced weight of a Pauli Z error is defined analogously.
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The stabilizer-reduced weight of an error is a convenient theoretical measure of
how detrimental the error really is. Note that since stabilizers do not change the
code state, errors are only well-defined up to the addition of stabilizers. As such,
any bound on the performance of the decoder is unambiguously defined using
the stabilizer-reduced weight, which can be significantly smaller than the original

weight.

Since we focus on asymptotically good QLDPC codes, it is enough to consider
single-shot decoding for adversarial noise. Campbell [29] captures adversarial
single-shot decoding as follows. Let both the data error e and the syndrome noise
D be sufficiently small. A decoder is single-shot if it outputs a correction such
that the weight of the residual error is bounded by a polynomial of |D|. In this
work, we would like to consider constant-time decoding using the parallel decoder
(Algorithm[3.3) for quantum Tanner codes. This setting does not directly fit into the
previous definition since the residual error could depend on |e| in addition to |D|.
To allow for nontrivial dependence on |e|, we give the following definition, which
is relevant for asymptotically good codes where the residual error size is at most
linear in |e| and |D|.

Definition 67. Let C be a CSS code specified by parity check matrices Hy € F;*™"
and Hy € IF";ZX". Lete = (ex,ez) € IF%” be adata error, D = (Dx,Dy) € F;Z”X be
a syndrome error, and & = (Gx,07) € ]FZZ”X be the corresponding noisy syndrome,
where 5x = Hzex+Dyx and 67 = Hyez+D 7. A decoder for C is (a, B)-single-shot
if there exist constants A, B, C such that, for P € {X, Z}, whenever

A|€P|R+B|DP| < Cn, (33)
the decoder finds a correction fp € ] from given input &p such that

lep + fplr < alep| + BIDp| . (3.4)
This definition, combined with Theorems [89] and [02] below, gives the following
results for the sequential and parallel decoders of the quantum Tanner codes.

Theorem 68 (Summary). There exist constants A, B,C, 8 > 0 (dependent on the
parameters of the quantum Tanner code) such that if Ale|g + B|D| < Cn, then the

following conditions hold:

1. The sequential decoder (Algorithm[3.1)) is (« = 0, B)-single-shot.
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2. The parallel decoder (Algorithm with k-iterations is (o = 2790 p)-

single-shot.

Note that the runtime of the sequential decoder is O(n), and each iteration of the
parallel decoder is constant time. For the parallel decoder, a decreases exponentially
with the number of parallel decoding iterations k, and the results of this section will
hold when k is a sufficiently large constant. It suffices to take k = O(logn) for
a = 0 in the parallel decoder.

Finally, we remark that we may increase the robustness to measurement errors and
improve the overall performance of single-shot decoding by leveraging redundancies
among parity checks, similar to the ideas explored in Refs. [30-32]. We can
apply this approach to quantum Tanner codes without compromising their QLDPC
structure, which is a crucial difference between our setting and the aforementioned
works. Specifically, stabilizer generators of quantum Tanner codes are supported
on local neighborhoods, defined by the local codes Cy and C;. We may apply the
technique of adding redundancy to each set of local checks separately. Since the
local codes are of length A2, any redundant check in a fixed local neighborhood will
not have weight more than A2, which is comparable to the weight of the original

checks.

3.3.3 Multiple rounds of decoding

In this section, we discuss what happens after multiple rounds of errors, noisy
measurements, and decoding. We show that under the assumptions of Definition[67]
there exists a variety of noise models such that, as long as the overall noise level is
sufficiently small, the encoded quantum information will persist for an exponential

number of rounds.

The results proven in this section hold for any decoder that can solve the single-
shot decoding problem under Definition More precisely, we assume that if the
decoder is given the noisy syndrome from data error ¢ € F] and syndrome error
D € F satisfying

Alelr + BID| < Cn, (3.5

then it outputs a correction f such that the residual error satisfies
le + flr < ale| +BID]. (3.6)

We will assume that S is constant and that « is a parameter in the decoder that can

be made arbitrarily small. For our analysis, we let R, S be constants such that
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1- 1-
SM and S < ( @)C

k 24 “2(BA+(1-a)B)

(3.7

We prove that as long as the data and syndrome errors in each round are sufficiently

small, the total error can be kept small indefinitely.

Theorem 69. Consider errors (e;, D;) that occur on rounds i = 1,2,---, with
decoding in between each round using new syndrome measurements (i.e., without
using the previous syndromes). If the errors satisfy |e;| < Rn and |D;| < Sn for

every round i, then the residual error e after each round i satisfies

! l-a

(3.8)

Proof. Initially, e, = 0, which satisfies the bound. Suppose after round i — 1, the

residual error e’_, satisfies (3.8). The new total error is e!_, + e;, and we have

Ale;_| +eilr + BID;| < Ale;_,|r + Ale;| + B|D;| (3.9)
R+ 8BS

< AOREBS L ARn+ BSH (3.10)
-

<Cn, G.11)

where the last inequality follows since

R+ S
-

A

+BS<C (3.12)

for R and S satisfying (3.7).Therefore, the decoder returns a correction f with

residual error

lellr < alel_; +eilr + BID;] (3.13)

< ale;_,|r + alei| + BID;| (3.14)

< aallt%-'-ﬁsn+aRn + BSn (3.15)

SR, (3.16)

where the third inequality uses the inductive hypothesis. [

From this result, we can immediately analyze the stochastic setting in which large

errors are unlikely.
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Corollary 70. Let {(e;, Di)}f.‘;[ | be randomly distributed data and syndrome errors

(with possible correlations) such that
Pr(le;| > Rn) < e™“", and Pr(|D;| > Sn) < e, (3.17)

for constants a, b > 0. Suppose the decoder is run after each round of errors using
new syndrome measurements (i.e., without using the syndromes of previous rounds).
Then the final residual error e, satisfies

Pr(le},|r > <, " < M(e ™+ ety (3.18)

aR +BS
-a
Proof. This follows immediately from Theorem 69]after using a union bound on the

probability of a large data or syndrome error at every round. [

As asample application of Corollary[70] we analyze the case of p-bounded noise [25|
41]], although any model of errors with sufficiently suppressed tails will give the

same conclusions.

Definition 71 (p-bounded noise). Let p € [0, 1). Let A be a set and let 24 be its
power set. We say that a probability distribution E : 24 — [0, 1] is p-bounded if
forany B C A we have
> E(B) <p¥l. (3.19)
B'2B
Corollary 72. Let {(e;, D,-)}fz | be data and syndrome errors where each of the
marginal distributions of e; and D; are p- and q-bounded, respectively. Suppose
the decoder is run after each round of errors using a new round of syndrome
measurements (without using the syndromes of previous rounds). Then, the final

residual error e satisfies
pr (|} |1 > Mn) <M (e—nln(2‘H(R)p_R) N e_nln(z—QH(S/Q)q—S)) . (3.20)
-«

where H(t) = —tlog, 7 — (1 — 1) log,(1 — 7) is the binary entropy function, and

o=rz/n.

Proof. Let us first upper bound Pr(|e;| > Rn). We have

Pr(|e;| > Rn) = Z Pr(e; =¢) < Z Pr(e; D e) < Z p|€| < ( " )pRn,

le|>Rn le|]=Rn le|=Rn
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where the last inequality follows by p-boundedness. Using the binary entropy bound

for the binomial coefficient, we then have
Pr(|e;| > Rn) < (I;ln)plen < QMH(R) R0 _ o n(27H R pR) (3.22)
Similarly, we have
Pr(|D;] > Sn) < e~ In(27 97 (3.23)

Applying Corollary [70] gives the result. 0

In particular, there exist thresholds (p., ¢.) = (2~H(R/R 2-0H(S/0)/S) pelow which
errors are kept under control for an exponential number of rounds of single-shot
QEC with high probability.

Finally, we comment on the last round of QEC. In a typical setting of fault tolerance,
we choose to measure logical qubits in the computational basis, which for a CSS code
can be accomplished by measuring each physical qubit (also in the computational
basis). We then apply one final round of QEC, where the Z-stabilizer eigenvalues
are inferred by multiplying the Z-measurement outcomes from those qubits in the
stabilizer supports. Note that in this final round, any measurement error can be
treated as an X data error immediately before the measurement. We run the decoder
with « sufficiently small so that by the guarantee on the decoder, |e + f|g = 0,
i.e., we completely correct the error. We can then infer the logical information
by combining the corrected single-qubit Z-measurement outcomes making up the
Z-logical operators. Therefore, fault tolerance may be achieved by using a faster
(e.g., constant-time) decoder with larger « value in the middle of the computation,
and only applying the full decoder (e.g., logarithmic-time) with @ = 0 at the end of

the computation.

3.4 Proofs of single-shot decoding of quantum Tanner codes

3.4.1 Decoding algorithms

We consider the decoding problem for quantum Tanner codes with parameters as in
Theorem[64] We first provide an overview of how the decoder works. As before, we
will work exclusively with X-type errors, with Z-errors being analogous. Suppose
that the code state experiences data error e, and the measurements experience
syndrome error D. The decoder is consequently given as input the noisy syndrome
0 =0 +D = Hze+ D. Due to the structure of the code, the global syndrome &
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can equivalently be viewed as a set of noisy local syndromes {7, },cv,, Where &,
denotes the restriction of & to the checks associated with the local code C ll at vertex
v. At each V) vertex, the decoder computes a minimal weight correction &, C Q(v)

based on the local syndrome &, i.e,

&, = argmin{|y|: y C Q(v),0,(y) =G} . (3.24)

Note that this is a completely local operation which can be done without considera-
tion of the syndrome state of the other vertices. Each square g € Q contains two V;
vertices, say v € Vg and v/ € Vj. These two vertices are each associated with their
own local corrections, £, and &,/, which may disagree on whether there is an error
on ¢q. If there is no disagreement on any square g € Q, then a global correction

fe IF? can be unambiguously defined by

f=|l&a=1]é&" (3.25)

veVor V' EVio

However, this will usually not be the case. The disagreement between the different

candidate local corrections is captured by a “noisy mismatch vector” defined as

Z= Z &y . (3.26)

veVy

The goal of the main part of the algorithm is to reduce the size of Z by successively
updating the best local corrections on the V| vertices. For example, it is possible
that for a given v € Vi, replacing &, with &, + x for some x € C; in (3.26)
would significantly decrease |Z|. In general, we attempt to decompose Z by adding
codewords x € ClL on local views Q(v) of vertices v € V We keep track of the
decomposition process through quantities Cy, C1, Ry, R, C FZQ , which are initially
0 and updated as follows. Suppose x = ¢ + r is supported on a V;; local view
(i,j €{0,1}), where c € C4 ® Fg and r € Pg ® Cp. Then we add ¢ to C’j and r to
R;. The interpretation is that C’l + Ry is the total change made to the local corrections
&, from the Vy; vertices, and C‘o + R, is the total change made to those from the
V1o vertices. Therefore, at the end of the procedure, we output a guess for the error,

which from the perspective of the Vj; vertices is

f= Z &, +Ci+Ry. (3.27)

veVoi

%In the presence of measurement errors, a full decomposition of Z into local codewords may not
be possible. See Deﬁnition and related comments before and after.
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The algorithm can run either sequentially (Algorithm [3.I)) or in parallel (Algo-
rithm , with the corresponding Z decomposition subroutines presented in Algo-
rithm [3.2)and Algorithm [3.4] respectively.

Algorithm 3.1 Sequential decoder for quantum Tanner codes with parameter &
Input: A noisy syndrome & arising from data error e and syndrome error D.
Output: A correction f that approximates e.

I &, « argmin{|y| : y € Q(v),0v(y) = &} (or &, « 0if no such y exists) for
allv e V;

Z — ZveVl gy

(Co, C1, Ro, Ry) « MISMATCH8(Z)

f — ZveVm Ey+ Cl + RO

return f

Algorithm 3.2 Sequential mismatch decomposition with parameter &

Input: A vector Z € PZQ
Output: A collection (C’o, C1, Ro, I@l) = MISMATCH, (Z).
I: Seté()Zél =Ro=ﬁ1 =0and Z=Z.
2: while Z # 0 do
3: if 3v € V;j and 0 # x, € C;- in Q(v) such that 1Z| = 1Z +x,] = (1 —&)|x,|
then
4: Find r, € IFA ®Cpandc, € Cy ® FB such that ||c,|| + ||7,|| is minimal
among all ¢, r, such thatr, + ¢, = x,

3: C — C +cy

6: R — R +7r,

7: 7 —7+ cy+ry

8: else

9: return (éo,é],]éo,lé])
10: end if

11: end while
12: return (Cy, Ci, Ry, R))
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Algorithm 3.3 Parallel decoder for quantum Tanner codes with & iterations

Input: A noisy syndrome ¢ from a data error e and syndrome error D, and an
integer k > 0.

Output: A correction f that approximates e.

. parallel for each v € V| do
&, « argmin{|y| : y € Q(v), 0,(y) = &y} (or €, < 0if no such y exists)

1
2
3: Z — Yey, &y
4
5

f — ZVGV()I év
: end parallel for each

6: (Co,C1, Ry, R) «— ParMismarca® (2)
7. f— f+Ci+Ry // update f in parallel for each vertex v € Vy
8: return f

Algorithm 3.4 Parallel mismatch decomposition procedure with k iterations

Input: A vector Z € FZQ and integer k > 0.
Output: A collection (Cy, €1, Ry, R1) = ParMismatca® (Z).
1: Seté():él =§0=k1 =0and Z = Z.
2: repeat k times
32 for (i,j) € {0,1}* do
4: parallel for each v € V;; do
5 if there exists 0 # x, € Cj- in Q(v) such that 1Z| =12 + x| = |x0]/2

then
: Choose x, such that |x,| maximal among all possible choices
7: Findr, € IF? ®Cpandc, € Cy ® Ff such that ||c, || + ||rv]| is
minimal among all ¢, r,, such thatr, + ¢, = x,
8: ij «— éj +cy
: R, — R;+r,
10: 77— 7+ cy+ry,
11: end if
12: end parallel for each
13: end for

14: end repeat
15: return (Cy, C1, Ry, Ry)

These algorithms were analyzed in the scenario with perfect measurement outcomes

in Ref. [33]], giving the following results:

Theorem 73 (Theorem 13 in Ref. [33]]). Let € € (0, 1). Suppose Algorithm[3.I|with
parameter g is given as input the noiseless syndrome o = Hze of an error e € FZQ
of weight

| s ol
le] < ﬁmm (R,K) (1-¢&)d; A (3.28)
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. . . ~ ~ 1 = .
Then it will output a correction f such that e + f € Cx in time O(n).

Theorem 74 (Theorem 20 in Ref. [33]]). Let £ € (0,1/6). Suppose Algorithm

is given as input the noiseless syndrome o = Hze of an error e € PZQ of weight

1 . (& ) o
< — - _
le|] < P m1n(16,/<) d;k A (3.29)

Then it will output a correction f such that e + f € Cy in time O(logn).

In the next sections, we will consider what happens when the decoders are given a

syndrome with possible errors.

3.4.2 Proof preliminaries

We first give a summary of the main ideas of the proof. The key idea of the proof is
to bound the reduction in the weight of the noisy mismatch vector Z through each
step of the algorithm, and to show that when the weight of Z is reduced, the weight
of the residual error is also subsequently reduced. There is a technical challenge to
this idea however: there is no direct relation between the weight of Z and the error

weight.

To bridge these two objects, we define the notion of an ideal mismatch vector Z
(see Eq. below), which is equal to Z when there is no measurement noise.
Since the mismatch Z only captures the portion of the error which cannot be
removed using independent local corrections, we must first “pre-process’ the error
by making any possible local corrections (see Eq. below). This establishes a
direct connection between Z and the “pre-processed” error e( (see Lemma[79) and

our analysis will be built upon this connection.

We show that if Z is decomposable into local corrections by Algorithm [3.2] then
most of these correction sets will also reduce the weight of Z (Lemma|85). This in
turn allows us to relate the weights of Z and Z. Finally, we show that if the qubit
and measurement error weights are bounded, the ideal mismatch vector Z always
admits the desired decomposition into local correction sets (Lemma [87). These
lemmas allow us prove our main result (Theorem : as the weight of Z decreases
throughout the steps of the algorithm, the residual error weight must also decrease.
The analysis of the parallel decoder then builds upon this bound, with the additional
requirement of showing that the decomposition of Z into local corrections must be

essentially disjoint (Lemma [90)).
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In the remainder of this section, we set up notation and provide some preliminary
results used in the proofs of Theorems [89and [92] We first define quantities relating
to the states of the decoders. Given the local structure of the quantum Tanner codes,
it will be more convenient to bound the size of the syndrome noise in terms of its

vertex support.

Definition 75. Given a quantum Tanner code and a syndrome noise D, let us define
D, to be the restriction of D to the set of stabilizer generators associated with
vertex v. We define the vertex support of D to be the set of all vertices such that
D, # 0. We denote the size of the vertex support by |D|y. Note that we have
A2ID| < r7UID| < |D|y < |D|, where r is the number of stabilizer generators

associated with the local code.

Given the noisy syndrome & = Hze + D, let &, denote the restriction of & to the
checks associated with the vertex v. For each vertex v € Vi, the decoder finds a
locally minimal correction &, such that o,(£,) = &, . In the event that no local
correction &, exists for &, we may define &, arbitrarily. In our case, we will simply
define €, = 0 by convention. If ¢, is the locally minimal correction associated with
the noiseless syndrome o, then we can decompose &, into “noiseless” and “noisy”
parts as

g, =¢g,+¢&,(D), (3.30)

where &,(D) is defined by &,(D) = &, — &,. Note that £,(D) will be non-zero only

when D has non-zero support on v.

The full noisy mismatch vector initialized by the decoder is given by
7= ZéV: Z(ev+sv(D)). (3.31)
veV) vev)

It will likewise be convenient to split the mismatch into a noiseless and a noisy part,
defined by

Z= Z &, and Zy= Z &,(D), (3.32)

veV) veV

so that Z = Z + Zy. We will also need the restrictions of these vectors onto the

vertices of V1, which we define as

701 _ Z g, 7%= Z g, and ZY = Z e.(D). (3.33)

veVor veVor veVor
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The key idea of the proof is to pre-process the error using Z°!, and apply the local
corrections x, step by step. Specifically, we define the initial pre-processed error

€, and the “noiseless” pre-processed error e, by

50:e+201:e+2¢§v, (3.34)
veVoi
eco=e+Z% =ép+ 2. (3.35)

For the purpose of our proof, we consider the vector €y as the initial error state of
the algorithm, and Zy = Z as the initial mismatch. Note that in practice it does
not matter at what point in the decoding procedure the set Z°! is flipped. The
pre-processing is only introduced as a convenience in our proof in order to relate
the weight of e to the weight of Z. The original algorithms considered in Ref. [33]
involve a “post-processing” step instead, where Z°! is applied at the very end rather
than the beginning. Since the sets of qubits flipped are ultimately the same in either

case, the results here hold without modification.

The core loop of the decoding algorithm finds, at each step i, some local codeword
x;i =ri+c¢; € Q(v;) such that

| Zioo| = 1 Zicy +xi] 2 (1= &) |xi]. (3.36)

Having found a codeword which satisfies (3.36]), we update the error and the mis-

match vectors by
é;=¢éi_1+ ﬁ, and Zl' = Zi—l + X;, (337)

where the flip-set f; € Q(v;) is defined by

0 5 €V10,
x; v € Vor,
ﬁ _ i i 01 (338)
ci vieEVi,
rp Vv; € V()() .

Likewise, we can define the associated “noiseless’” error and mismatch at each step
by

e;=e;_1+ fl = 5,- + Z](i,l, and Zi = Zi—l +Xx; = Z,‘ + ZN . (339)

Note that Zy and Z]?,I are determined entirely by the syndrome noise D and initial

error e, and are constant through the decoding process.
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In the presence of measurement errors, it is no longer true that the noisy mismatch
7 can be decomposed into a sum of local codewords As such, some care must be
taken in characterizing what exactly we mean by a “mismatch.” This is captured by

the definition below.

Definition 76. A mismatch vector is any Z € ]FZQ that can be decomposed as
Z =Co+Cy+Ry+ Ry, where

Ci= > ¢ and Ri=) r (3.40)

VEij VGVHT

are the sum of local column codewords c, € Cx ®F§ and row codewordsr, € F?@C B
on Q(v), i.e., a mismatch vector is an element in the span of local codewords C+-.

Here, we define i = 1 — i for convenience.

The division of Z into local codewords of the form (Cy, C1, Ro, R}) is called a decom-
position of Z. Any given mismatch vector Z may have many distinct decompositions.

Given any decomposition, we define its weight by
wt(Co, C1, Ro, R1) = [|Coll + [|C1| + | Roll + ||R1 1], (3.41)

where ||C;|| and ||R;|| denote the number of non-zero columns and rows, respectively,
present in C; and R;. Note that the weight is well-defined since distinct local

codewords ¢, C C;and r, C R; are disjoint. We then define the norm of a mismatch

to be
1ZIl = min  wt(Co, Cy, Ro, Ry). (3.42)
(Co,C1,Ro,R1)
Z=C()+C1+R()+R1
Decompositions such that wt(Cy, C1, Ro, R1) = ||Z|| are called minimal weight

decompositions for Z.

Note that technically the vector Z which we call the noisy mismatch vector is not a
mismatch vector at all as defined by Definition Nevertheless, we will continue
to call Z the noisy mismatch since there is little chance of confusion. The noiseless
part Z is a genuine mismatch vector by definition. The properties of the noiseless

mismatch Z are characterized by the following lemma from Ref. [33]].

3In the case of perfect syndrome measurements, we have
Z= Z &y = Z(ev"'rv"'cv) = Z(rv+cv)’
vev, vev) vev

where r,, +c,, is the codeword that the local error is corrected to: e, +¢&, = r,+c,. This decomposition
no longer holds in the presence of imperfect measurements.
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Lemma 77 (Lemma 17 in Ref. [33]). Let e € }FZQ be an error and let €, be a local

minimal correction for e, at every vertex v € V|. Let

Z = Z &y . (3.43)

vev,

Then Z is a mismatch vector which satisfies

4
|Z| < 4dlelg, and ||Z]| < EMR' (3.44)

The main purpose of pre-processing in our proof is that the noiseless pre-processed

error eg and the noiseless mismatch Zj can be easily related through the following

property.

Definition 78. Let ¢ € Fg be an error. We say that the error is V;j-weighted if
ov(e) =0 forallv € Vﬁ. Given a V;j-weighted error e, we say that a mismatch

vector Z is associated with e if o, (Z) = o, (e) for all v € Vj;.

Lemma 79. The quantity eq is a Vig-weighted error and Zy = Z is a mismatch

vector associated with ey.

Proof. First, we show that Z is a mismatch vector. Note that Z is the sum of local

minimal corrections &, to the error ¢, i.e.,

7 = Z &, (3.45)

veVy

where for each vertex v € V; we have ¢, = ¢, + x, for some x, € Cf. Therefore
Z=) (ev+x)= ) x, (3.46)
veV) veV)

where the e, terms cancel since each face occurs exactly twice in the sum above.

Next, we show that e is Vjp-weighted. We have

eO:e+ZOI:e+Zav. (3.47)

veVor

Note that the terms in the latter sum are disjoint for distinct vertices v,v’ € Vy;. It

follows that the restriction of e to a vertex v € Vp; is given by

(eo)y = ey +&, =Xy, (3.48)
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which has zero syndrome. Finally we show that Z is associated with eg. The

restriction of eq to a vertex v € Vg is given by

(eg)y =€, +Q(v) N Z &y (3.49)

ueVy;

Likewise, the restriction of Z to v € Vg is given by

Z,=&,+0(v)N Z Eu. (3.50)

ueVpr

It follows that

7(Z) = o(&)) + 0 (Q(V) ny. su) = oy(e)) + 0, (Q(v) ny. su) = 7y (eo).

ueVy; ueVp;

(3.51)

which shows that Z is associated with e. ]

The notion of e; being a Vjp-weighted error is invariant as the decoder proceeds,
1.e., if e; 1s initially Vig-weighted then it remains so. Moreover, if Z was initially a
mismatch associated with e( then Z; remains associated with e; throughout all steps
i of the decoder.

Lemma 80. Ler Z be a weighted mismatch vector associated with a Vig-weighted
errore. Let x = ¢ +r C Q(v) be a codeword of C;-, with v € V;;. Define

0, veVp,
x, veV,
f= (3.52)
c, vevy,
r, Ve Voo ,

to be the associated flip set. Then e + f is again a Vio-weighted error and Z + x is

an associated mismatch vector.

Proof. 1t is clear that Z + x is a mismatch vector since Z was one and we add a

single C;- codeword.

We first show that e + f remains Vjp-weighted. Clearly e + f is Vigp-weighted if
v € Vip or v € V1 since we either add nothing, or a local codeword to a Vj; vertex.

Now suppose that v € Vy so that f = r. We can decompose r intor =ry +- - - +ry,
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where each r; is a local codeword supported on a single row, which we can assume
to be indexed by the edge (v, u;) for some u; € Vp;. The syndrome of e + r on a

vertex u € Vp; is therefore given by

ou(e) u # u; for all ,
oule+ f) = (3.53)

ou(e+r;)) u=u;forsomei.

In either case, we have o, (e + f) = 0 so that e + f is V|o-weighted. The case where

v € Vq1 is analogous, taking f = ¢ and making a similar decomposition.

Finally, we show that Z + x is associated with e + f. Let us write
2 (3.54)
ueViy

where 0,(Z) = o,(e) for all u € V. If v € V}( then there is nothing to show since
all syndromes are unchanged. If v € Vj; then define

e, =e,+0u)Nx (3.55)
so that
Z+x= ) &, (3.56)
ueVig

Since (e +x), = e, + Q(u) N x, we see that £/, has the same syndrome as (e + f),,.

Lastly, suppose v € Vy, with the V| case being analogous. Let f = r. Note that
g, =gy and (e +r), = ¢, for all u € Vig not adjacent to v. Therefore it suffices to
consider u € N(v). In this case, Q(u) N c is just the column of ¢ labeled by the edge

(u,v) and so Q(u) N c is a local codeword. Therefore o, (c) = 0. It follows that

Uu(s;) = oy(&y) + ou(x) = oy(e) + oy (r) + ou(c) = oy(e) + oy (r) = oy(e +7)

(3.57)

for all u € N(v). Therefore o,(Z + x) = o,(e + f) forall u € Vi and so Z + x is
associated with e + f. 0

Lemma [79] and Lemma 80| show that Z; is a mismatch vector associated with the
Vio-weighted error e; for all i. We further cite the following lemma from Ref. [33],
which gives a sufficient condition for the existence of good local corrections. This
is the key to proving that in the noiseless case, the sequential and parallel decoders

converge.
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Definition 81. Let Z be a mismatch vector and let Z = Cy+ Cy + Ry + R| be a
minimal decomposition for Z. We say that a vertex v € V;; is active with respect
this decomposition if Q(v) N (R; + C;) # 0.

Theorem 82 (Theorem 12 in Ref. [33]). Fix 6 € (0,1). Let Z be a non-zero
mismatch vector. If for all i, j € {0, 1}, the set of active vertices S;; C V;; for a
minimal decomposition of Z satisfies

1
1S;i;] < ﬁd§53K|VOO| ) (3.58)

where d, denotes the relative distance of the local code, then there exists a non-zero

x C Q(v) for some v € V;; thatis a C IL codeword such that

1Z] = |Z +x] = (1-6)x]. (3.59)

3.4.3 Sequential decoder

To begin analyzing the sequential decoder with noisy input, the natural question
to ask is that if the ideal mismatch Z can be decomposed by Algorithm [3.2] into
F = {x,-}l’.: ,» how well do these local corrections x; decompose the noisy mismatch

7 = Z + Zy? The following two lemmas address this question.

Definition 83. Let Z be a mismatch vector. We say that Z is -decomposable if
Algorithm successfully returns a decomposition of Z when run with parameter
0, ie., ifAlgorithmhalts with state 7, = 0.

Lemma 84. Let Z be an 6-decomposable mismatch and let ¥ = {x;}|_, denote the
codewords returned by Algorithm 3.2 run with input Z and parameter 8. Then

t t
(1-0) > Il <1z < )" il (3.60)
i=1 i=1
Proof. Let
k
Zi=27-) xi, (3.61)
i=1

with Z = Z,. Note that since Algorithm [3.2] completely decomposes Z, we have
Z, =0and

Z = ZX,‘ . (362)

t
i=1
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For the decomposition with parameter 6, we have |Z;_1| — |Z;| > (1 — d)|x;| and
therefore t
1Z| > (1—5)Z|x,~|. (3.63)
i=1
Together, we get the bounds
t t
(1-0) ) kil <1zl <> Ixil. (3.64)
i=1 i=1
O

Lemma 85. Let Z be a mismatch vector and let Zy € IF'ZQ be any vector. Let
7 = Z + Zy. Suppose that Z is 5-decomposable with decomposition F = {x; §:1
Let

Fr={xeF:|Z|-|Z+x| > (1-¢g)x|}. (3.65)
Then
D Il = e1lZ] - 2| Zyl (3.66)
xeF*
for constants
e—-20 2
= d = —. 3.67
‘1 e(1-9) 2=y (3.67)

In particular, if ¥ = 0, then c1|Z| < ¢2|Zn|.
Proof. This proof follows the idea of Lemma 5.1 in Ref. [42]]. Givenany sety € F2,
we have

ZI = 1Z+y|=1Z| - (1Z| + y| = 21Znyh) =21Z 0yl = |yl (3.68)

For all y € F \ %, we have

~ 1 ~ - &
Zyl= 501 +1Z1=1Z+3) < (1=Z) b (3.69)
Define T = ¥ ,.c# |Z N x|. We then have
T = Z 1Z N x|+ Z 1Z Ny (3.70)
xXeF* YEF\F*
&
< W+ (1=3) > vl 3.71)
xeF* YEF\F™*
& &
=2 > bl (1 -2) 2l (3.72)
xef* ye?’
&
‘ 373
<35 b+ 2(1 517 (3.73)

XEF*
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where the last inequality follows from Lemma [§4] On the other hand, we also have

T> |ZﬂZx|:|ZﬂZ| (3.74)
xXEF
=|Z|-1ZNZy| 2 |Z| - |Zn]. (3.75)

Combining these two inequalities, we get

3 Z [+ 55 = 121 12, (3.76)
or equivalently
-2 2
Z x| > m|z| - E|ZN|a 3.77)
xXeF*
as desired. O]

Note that Lemmal[83|will set an implicit bound of § < 1/2 since we require é—26 > 0
for the bound (3.66) to be non-trivial.

Suppose now that the noisy mismatch vector Z is given as input to Algorithm
with parameter £, which terminates after 7 iterations. Let us denote the residual error
by ér and its associated mismatch by Zr=Zr+2Zy. Xt Zy is o-decomposable, then
Lemma [85]implies that |Zy| = O(Zy). Namely, the sequential decoder terminates
only when the mismatch noise Zy becomes significant. In the following lemma, we

further relate the weight of the noiseless residual error ey with |Z7|.

Lemma 86 (Mismatch Correctness and Soundness). Let e be a Viy-weighted error
and let Z be an associated mismatch vector. Suppose that Z is 6-decomposable and
that

le|g + 1Z| <d. (3.78)

1
k(1 -=19)

Then we have

1Z| = (1= 6)klelr . (3.79)

Proof. Let ¥ = {xi}ﬁz , denote the decomposition returned for Z by Algorithm
with parameter 6. Each x; is supported on the local view of some vertex v; and has

the further decomposition into column and row codewords as x; = ¢; + r;.
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First, we prove that e = C + Ry, where = denotes equivalence up to stabilizers. Let

eo = e and define e; = e¢;_; + f; where

0, veVp,
xi, VvEV,
fi=1{" o (3.80)
ci,» VeV,
ri, veVy.
Note that by construction we have
e, =eq+C1 +Ry. (3.81)

By Lemma the errors e; are all Vjg-weighted, and the vector Z; = Z + le.‘zl X; 18
a mismatch vector associated with e; at each step. It follows by the Vjp-weighting
of ¢, that

YveVo: o,(e)=0. (3.82)
Since Z; = 0, it follows by the association of Z; and e; that
YveVi: oy(e)=0v(Z)=0. (3.83)

It follows that e; has zero syndrome. It remains to show that e, is a stabilizer, which

we can do by bounding its weight. For each flip-set f;, we have
|fil < lril +leil < ACllrill + lleill) < il /x, (3.84)

where we use the robustness of the local code in the last inequality. Using Lemma[84]

we then have

t t
1Zl > (1-6) >l = (1=6)k ) |- (3.85)
i=1 i=1
It follows that
t t 1
=le+ < + | < + Z| <d. 3.86
leilr = e ;fR el ;m el + 5121 < (3.86)
Therefore ¢; = 0 and hence e = C, + Ro. Finally, we have
! 1
=|C1 + Ro|, < |C1 + Ry| < | < Z). 3.87
lelr =|C1 + Rol, < |C1 + Ry ;lle K(1_5)| | (3.87)

O
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Now we show that, without surprise, Z7r is d-decomposable. Let us define the

constants
24 3A

1
Ap=—— B,= —— d Cs=—d?*5kA2. 3.88
kA(1 —g) k(1-¢g) an 0 . (3.88)

2127

For the purposes of the parallel decoder, it will be convenient to consider a gener-
alized mismatch decomposition procedure which initially starts the decomposition
with some weight parameter € and then switches to some other parameter " part-
way through (see Lemma [90). We state the generalized result below in Lemma
although we will only need the special case where £ = &’ for the analysis of the

sequential decoder.

Lemma 87. Let e be an error and D a syndrome noise. Let Z = Z + Zy denote the

initial noisy mismatch vector assigned to e and D.

Let g,&" € (0, 1) be constants such that &' < €. Consider a modified Algorithm[3.2]
which takes input Z and runs with parameter & for the first t steps and then switches
to parameter &' until it halts at step T > t. Let Zy = Zr + Zy denote the final output

of this process.

If Acle|r + B:|D|y < Csn, then Zr is 6-decomposable.

Proof. Consider the process of running the modified Algorithmwith input Z and
parameter & for ¢ steps, and then switching the parameter to &’ until the algorithm
finally halts at step 7. Let {xy, ..., x;} be local codewords obtained with parameter
g, and {x/41,...,x7} the codewords obtained with parameter &’. Denoting Z; the
mismatch vector at iteration 7, we have
. - (I-¢e)x|, i€e{l,...,t},
|Zic1| = 1Zi] = l (3.89)
(1=-¢&)|x|], ie{t+1,...,T}.

We wish to show that Zz is 6-decomposable. Suppose that Algorithm [3.2] returns
local codewords {y1, ..., yx} when given input Zr with parameter 6. Let Sty ;;

denote a set of active vertices in V;; for the mismatch

k
Zri=Zr+ ) ye. (3.90)
=1

For all k € [K], we have

T k
1S7ekiil < 1 Zrell < NZI+ ) il + > llyell (3.91)
=1 =1
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where the first inequality holds since there exists at least one non-zero row or column
for each active vertex. By robustness of the local code, we have «xA||x;|| < |x;].

Continuing the chain of inequalities, we have

T k
@I < ||Z||+—;|xl|+ A;M (3.92)
< izl + —Z i+ =g 21 (3.93)

where the first inequality follows by robustness and the second by the fact that
| Zr+e-1] = | Zr+e-1 + yel 2 (1 = 6)|ye|. Using inequality (3.89), we get

1 1 ~ -
|zT|—z+Zx, <|Z|+Z|xl|<|2|+—(|2| 1Zi) + 7= (121l = 1Zx)) .
i=1 i=1
(3.94)
Since &’ < g, it follows that
1 .
|Zr| < |Z] + 1—|Z|. (3.95)
-
Inserting (3.93) into (3.93)), we get
1 1 2-6)\ -
Stikiil £ NZ|| + ————1|Z Z 3.96
1 1 2-0
Zl|+ ————|Z| + Zl+|Z 3.97
<21+ =5 KA(l_S)( )<|| LAl YY)
4 4 1 2-0
& 4 A%|D
_KA|6|R+/<A(1—5)|€|R+KA(1— )(1 )( lelr + A%|Dly),

(3.98)

where the last inequality follows by applying Lemma|/7/] together with the fact that

&,(D) can be non-zero only when v is in the support of D and hence

Z &y(D)

vev)

|Zy| = < > leu(D)| < DIy max |s,(D)] < [DIyA%. (3.99)
vev,

vev,

Simplifying, we finally get

4 (2-06)(2-¢ A 2-0
e (2zo) (2= D 1

12 ( 2 3A
— D 3.101
KA(1—8)|6|R+K(1—8)| lv (3.101)

= Agle|r + Bs|Dly, (3.102)

IA
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where we use the fact that (2 — 6)/(1 — ) < 3 for d € (0,1/2). It follows that if
we have A.le|gr + B:|D|y < Csn, then the active vertex condition of Theorem
is always satisfied so that Algorithm [3.2] must be able to completely decompose
Zr. O

It remains for us to check that (3.78)]) in Lemma 86| holds.
Lemma 88. Assume the hypotheses of Lemma 87} and furthermore that
d
Agle|g + B:|Dly < A (3.103)
Then

|Z7| = (1 = 8)«kl|er]|r. (3.104)

Proof. By Lemmas[79|and 80} the error ey is Vjo-weighted and Z7 is an associated

mismatch vector. Applying Lemma [86] it suffices to prove

1
+ —NZ d. 3.105
lerlr K(l—é)l 7l < (3.105)
We have
T T | & |
lerlk = eo+;ﬁR < |eo|R+;|ﬁ| < |eo|R+;; il < leole + 512
(3.106)
where the second inequality follows from (3.84). We then get
lerlg + ———1Zr| < leol + ———|Z| + ———|Zq] (3.107)
e e — — .
TR (=) T = 10T (1 —g) k(1-0)"T
1 ~ 1 1 -
< +—NZ|+ — | |Z| + —|Z]|| (3.108
< leolr K(l—e)l | c(1=0) (| | 1_8| |) ( )
leolr + 1 1Z| + ! 14t 1Z|, (3.109)
= |e , .
O™ (1-9) «(1—¢) 1-6

where we use (3.93)) in the second inequality. Next, we may assume without loss of
generality that e is a reduced error. Then we have

leolr =leo+Z3' k= e+ D &ulp <lel+ > les| =2le| =2lelr, (3.110)

veVor veVor
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where we use the fact that &, are minimum weight corrections in the inequality
above and the fact that e, N e, = 0 for distinct vertices u, v € Vy; in the second last

equality. Following the same steps as from (3.96) to (3.98), we therefore get

|Zr| < 2|e|g +

1 4
«(1-06) (1 =0) “Ix

ler|r +

1 1 )
+Ku_8)@+1 5)@VM+AIDW) (3.111)

4 2-¢
2 1 AB¢|Dly. 3.112
+/<(1—.9)( +1_5)]|6|R+ IDly.  (3.112)

We can simplify the inequality above by noting that k < d, < 1 [36]]. Then we have

4 2-¢ 1 4 2-¢
24— |1+ —— ]| =—- |2« + 1+ 3.113
u1—@( 1—5) K| 1—8( 1—5” (3.113)
1 4 2—-¢
<-4 1 3.114
K +1—8( +1—6) ( )
4(2-0\(2-¢
=—|— 3.115
=) (=) a.119
24
= AA;. 3.116
Therefore it suffices to require
d
Agle|r + Be|Dly < A (3.117)
in order that inequality (3.105) holds. O

Combining the inequalities, we obtain the main result for sequential decoder.

Theorem 89 (Main Theorem for the Sequential Decoder). Let e be an error and let

D be a syndrome error. Suppose that
Agle|g + B:|D|y < min (Cgn,d/A) . (3.118)

Let & = o(e) + D. Then Algorithm[3.1|with input & and parameter & will output a

correction | satisfying
A 2
|e+ﬂRs(1+12)AﬂDw. (3.119)
KC1
Proof. Suppose that Algorithm with parameter ¢ terminates after 7' steps with

output f. Let Zr denote the state of the mismatch after the algorithm terminates.

By Lemma [87] Zr is §-decomposable. This allows us to apply Lemma [83] giving

02 c1lZr| = c2|Zn] (3.120)
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since the set ¥ must be empty when Algorithm with parameter £ terminates.

By Lemma 88 we get
|Z7| = (1 = O)«k|er|r . (3.121)
But we know
ler|g = |7 + Z} |r 2 |erlr = |12y & 2 |er|r = A%|D]y . (3.122)
Combining the inequalities (3.120)), (3.121)), and (3.122)) finally gives
le + flr = le7|r (3.123)
< |er|r + A?|Dly (3.124)
< ————|Zr| + A’|D 3.125
< —6)/<| rl+A%|Dly (3.125)
(65 2
< —|Zy|+A°|D 3.126
<o —6)/<| NI+ A%|Dly (3.126)
(&) 2
<1+ ———|A°|D|y. 3.127
( o _5)K) |Dly (3.127)

Note that the restriction § < 1/2, as required by Lemma implies that (1-¢)"! <
2. O]

This completes our proof of the main theorem for the sequential decoder.

3.4.4 Parallel decoder

The key idea in analyzing the parallel decoder is to compare the performance of one
iteration of parallel decoding to that of a full execution of the sequential decoder.
Our convention in this section will be that superscript indices will denote the parallel
decoding iteration (always with parameter 1/2), while subscript indices will denote
the sequential decoding iteration. For example, ZJ(.k) denotes the mismatch obtained

after k iterations of parallel decoding and then j iterations of sequential decoding.

For convenience, we will fix some parameters in this section. Throughout, we will

take & = 1/2 for the parallel decoder. We will write A = A,_1/; and B = B._ ;.

Lemma 90. Let & € (0,1/6). Let ZX) denote the current state of the (noisy)
mismatch vector. Let Z;k) denote the residual mismatch after running the sequential
decoder with input Z'®) and parameter &'. Then after one iteration of parallel

decoding, the weight of the mismatch is reduced by at least

- ~ 1 ~ -
20 =12%0) = (1= 68) (1201 - 1) (3.128)
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Proof. The proof closely follows the ideas of Lemma 18 in Ref. [33]]. For ease
of notation we write Z*¥) as Z throughout this proof. Suppose that Algorithm
runs with input Z and parameter &’ returns local codewords {x,-}l.T:1 and residual

mismatch Z7. Therefore we can write

T
7 = Zx,- +7r. (3.129)
i=1

We will analyze the overlap among the sets x;, and argue that the parallel decoder’s
output will intersect non-trivially with the sequential decoder’s output. Let us define
the sets
= (Znx)\ [ x. (3.130)
J<i
Note that the sets x] are disjoint, and that they satisfy

O Z : (3.131)
i=1 j

T

which implies
T
Z\|Jxi

i=1

< =|Zr|. (3.132)

223

i=1

Next, we define the set of “good” indices G C [T] such that i € G if and only if

3
= (1 - 53/) |x:] . (3.133)

Let B = [T] \ G denote the remaining set of “bad” indices. For each j € [T], let us
define

7 :Z\Ux;:z;_1 \ (3.134)
i<j
We wish to bound the difference between Z ; and Z; Let us denote this difference
by
Aj=Z;\Z;]. (3.135)
To bound the size of A;, we examine how the size of Z changes as we update it by

adding codewords x;. Since the x;’s were obtained by running the decoder with

parameter &', it follows that

1Zoinxjl = (1-€'/2)|x;]. (3.136)
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Figure 3.3: Reference for sets involved in proof of Lemma[90] The regions indicated
are: ULV =Z_ |, TUl= A;_;, [T = Z}, IV =x}, IUIV = Z;_; Nx;, IUV = A},
and[UITUV = Z;.

Referring to Figure we have A; \ A;_1 =x; \ Zj_1, and hence

_ N < P
[A; \NAjl = x; \ Zioa| = x| = |x; 0 Zjq| < x| - (1 - 5) lx;| = 5|le'
(3.137)

We also have
(Aj—l \Aj)l_lx;.:Zj_l ﬂxj, (3138)

corresponding to the unions of regions III and IV in Figure[3.3] If j € B is a “bad”

index, then we have
3, , - g
(At N AL+ (1= 28T g > A\ Ajl+ ] = 122 00 ] 2 | 1= =gl
(3.139)

where the first inequality follows from the fact that j € B and the last from the

decoding condition with parameter &’. It follows that
|Aj_1 \Ajl > 8’|Xj|, (3140)

and hence

/ 8/

, €
|Aj-1] = [A;] = A= N Ajl = [A; \ A = &'l | - Elle = E|xj|’ (3.141)
where we use inequalities (3.137) and (3.140) above. It follows that we have

|Aj| = 1Aj-1l < €lxjl/2, Vjea,
|Aj| — |Aj_1| < —8,|Xj|/2, V] €B.

(3.142)
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Summing the inequalities above, we get

T

8/
0.< A7l =10l = 3 (1Al = 1Ajml) < 5[ Dkl = D ll]. (3.143)

j=1 jeG jeB

where |Ag| = 0 by definition. Therefore

NIEDNTE (3.144)

JjeB jeG
We have
4 3 4 3 ’ ’
lejl < 1—58 leil < 1—58 lejl §Z|xj|, (3.145)
JjeB JjeB jeG jeG
and hence
T T
1ZI=1Zrl < || )= DW= D I+ D I <2 ) Il (3.146)
j=1 j=1 j€B j€G j€G

Now, consider the iteration of parallel decoding beginning with input Z = Z(©), Let
ue Fg denote the set of all qubits which have been acted on by the parallel decoder,

ie.,

U= U . (3.147)

where = {z, } is the collection of all local codewords found by the decoder in the
current iteration. We now prove that for all j € G, we have |x; Nu| > c|x;| for some

constant ¢ > 0.

Fix some x; and let v denote its anchoring vertex. Let us write y = |x;. N ul. First,

let us show that we must have
, 3
I \ul < Z|xj|. (3.148)

Suppose otherwise. Then let z, denote the codeword (possibly zero) that the parallel

decoder assigns to vertex v. Note that we have z, C u by definition, as well as
= = 1
ZI = 1Z+ 2] 2 Szl (3.149)

where Z denotes the current state of the noisy mismatch in the parallel decoder.

By definition of u as the execution support of the decoder, the qubits of x;. \ u are
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untouched by the algorithm. Therefore, since x;. C Z, it follows that x} \u C Z and

x;. \ u C Z + z,,. Therefore we have
x}\u:x;\uﬂ(z+zv)ijﬂ(7+zv). (3.150)

The addition of x; to Z + z, therefore removes at least |x}. \ul > %lx 7| qubits from

Z. Consequently, the addition of x j to Z + 7, can add at most |x 1/4 qubits, so that
— — 1
|Z+2,| = 1Z + 2, + x| Zille. (3.151)
Adding this inequality to (3.149), we get
- _ 1 1
ZI=1Z + 2+ x50 2 S(xjl + 2] 2 Sl +x0 (3.152)

Similar to the argument above, the addition of x; to z, adds at least |x; \ z,| >

% \ u| = 3|x;[/4 qubits, and hence removes at most |x;|/4 qubits. Therefore

1
|ZV+Xj|—|ZV| Z—|Xj|. (3.153)
2

Since |z, + x| > |z,/[, this contradicts the assumption that z, is the local codeword
selected by the decoder, since the decoder will choose to maximize the Hamming

weight of its local codewords. It follows that we have established the inequality
, 3
I \ul < Z|xj|. (3.154)

This then implies that for all j € G, we have

, ,00 3 3, 3 1 3,
|xj Nu| > |xj| - Z'le > (1 - 53) x| = lejl = (4_1 — 58 ) lx;|. (3.155)
Since the x;. are disjoint, we get
ul 2 " | Nl (3.156)
JjeG
1 3,
. (Z _ 58)2 1 (3.157)
jeG
1 3, ,
> (Z - ES)Z 1] (3.158)
jeG
1 s .
> §(1—68)(|Z|—|ZT|) , (3.159)
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where the last inequality follows from (3.146). Finally, by the decoding crite-
rion (3.149), the total decrease in mismatch weight is
~ ~ 1 1 1 ~ ~
(k) _ 5kt o L L 2 e (1500 _ (k))
PRIV 2;6] 2] = lul > =(1=68) (120 - 1Y) (3.160)

where we restore the superscript (k) in this last inequality for clarity. [

Now, as in the sequential case, we bound the weight of the residual mismatch by the

weight of measurement noise.

Lemma 91. Let e be an error and D be a syndrome noise. Let Z be the initial
mismatch vector assigned to e and D. Let ZF) denote the state of the mismatch
vector after k iterations of parallel decoding. Let Z}k) denote the residual mismatch
vector obtained by running the sequential decoder with input Z'®) and parameter

g.

Suppose that Ale|g + B|D|y < Csn. Then for all k € N* we have

2(1 - 6)

5 (k)
Z <(1+
& l_( g-20

)A2|D|VE (1+ O)A%D]y . (3.161)
Proof. Suppose that F = {xi}{i , are the codewords which have been found by the
parallel decoder after k iterations. Note that we can equivalently consider the same
sequence to be obtained by running the sequential decoder with parameter 1/2, i.e.,
we can consider Z() to be a state of the mismatch after K iterations of sequential
decoding with parameter 1/2. It follows that Z}k) i1s a mismatch obtained by first
running the sequential decoder with input Z and parameter 1/2 for K iterations, and

then switching to parameter &’ for the remaining iterations.

Applying Lemma 87| with &€ = 1/2, our assumptions on |e|g and |D|y imply that
Z}k) is 0-decomposable. Next, applying Lemma (with &’ as ¢), it follows that
2(1-9)

(k)
zW®) < Znl. 3.162
|T|—8,_26|N| ( )
We then have

1201 =120 + Zy) (3.163)
<1ZyP| +1Z| (3.164)

2(1-96)
<[(1+==—=2||z 3.165
_( Y )| wl (3.165)

2(1-6
< 1+¥ AZ|Dy. (3.166)

g =20
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For simplicity, we take & = 3¢ in the following theorem. Note that this sets an

upper bound on ¢ so that § < 1/18.

Theorem 92 (Main Theorem for the Parallel Decoder). Let e be an error and D be
a syndrome error. Let Z be the initial (noisy) mismatch associated with e and D.

Assume that
Alelg + B|D|y < min (Csn,d/A) . 3.167)

Then after k iterations of parallel decoding, the decoder returns a correction f*)
such that

le + f®|g < arle|r +BID|y, (3.168)
where
24 6
ar=—(1-y* B=—A% and y=(1-186)/16. (3.169)
Sk KO

Proof. Applying Lemmas|[90|and [91} it follows that the mismatch after k iterations

of parallel decoding is bounded above as
1Z0) < (1= 125V +y(1+ A% DIy (3.170)
Summing this inequality over k gives
1Z01 < (1= PMZI+ 51+ ORIy (1+ (T =y + (=924 + (1=
(3.171)
< (1=-YXZI+ 1+ A D]y . (3.172)
Next, let %) denote the state of the error after k iterations of parallel decoding. Let

é(Tk) denote the state of the error after 7 additional iterations of sequential decoding

with parameter &’. Let us write
T
&=+ > 1, (3.173)
i=1

where { f,-}l.T=1 are the associated flip-sets with parameter &’. It follows from
Lemma that e(Tk) is Vip-weighted with associated mismatch Z;k). Lemma
then implies that

{
(1 -90)x

k 1 Kk 4
|€(T)|R < m|2} )| < le}ﬂ <

A%|Dly. (3.174)
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It remains to bound the weight of |¢(¥)|z. We have

1e® g < |e®|g + A%|D]y (3.175)
T
< e(Tk)+Zf,- +AYD|y (3.176)
i=1 R
T
< ek + ). Ifil +A%Dly (3.177)
i=1
£ I ¢
< A%|D|y + - || +A%D 3.178
TRl |v+K;|X|+ DIy (3.178)
<[1+—% A2|D|V+;(|Z(k)|—|2(k)|) (3.179)
- (1-906)x (1-2¢)k T '
4 2 1 = (k)
<1 AYDly + ———|7 3.180
< +(1_5)K | |v+(1_8,)K| | ( )
4 2 +{ (1 —V)k
< A2 D]y + ——2A%D 4 3.181
+(1_5)K | |V+(1—8’)K D]y + 1 - ——|Z]. ( )

In the above, the first inequality (3.175]) follows from (3.122)). Inequality fol-
lows from and the k-product-expansion of the local code. Inequality

follows from the fact that each local codeword x; satisfies the decoding condition
with parameter &’. Finally, inequality (3.18T]) follows from (3.172).

Using the fact that |Z| < 4|e|g + A%*|D|y, we can rewrite the inequality above in
terms of |e|g and |D|y following the same steps used in (3.96)) to (3.98). This gives
us

4(1-y)*
(1-¢&)«

¢ 1+ (1-pfF

~(k) < 1
N R I PR TP pi s g s

T lelr
(3.182)

)A2|D|V

Finally, setting &’ = 36, and using the fact that k < 1 [36], we can relax the inequality
above slightly to get 4/((1 — &")k) < 24/(5«), as well as

1 -k 1 2 2-6 1 1
jp—b e U= L2, Sy (3.183)
(1-6)k (1-&)x (1-&)  « 6 1-36 6§ 1-36
1 2 2 1
<~ - 3.184
—K(+5+1—35 5) (3.184)
6
<= 3.185
<5 ( )

which holds for § € (0, 1/18). O
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3.5 Discussion

In our article, we have shown that quantum Tanner codes admit single-shot QEC.
Given information from a single round of noisy measurements, the mismatch de-
composition decoder [33]] is able to output a correction that is close to the data error
that occurred. For a variety of noise models, including adversarial or stochastic
noise, the single-shot decoder is able to maintain the encoded quantum information
for up to an exponential number of correction rounds. The parallelized version
of the decoder can be run in constant time while keeping the residual error small.
During readout, a logarithmic number of iterations suffices to recover the logical

information.

One may also ask about the possibility of single-shot QEC with other decoders for
good QLDPC codes. Due to the close connection between the decoders analyzed
here and the potential-based decoder for quantum Tanner codes in Ref. [22] (for
example, the ability to map between candidate flip sets for both types of decoders),
a corollary of the proofs presented here is that the potential-based decoder also has
the single-shot property. Likewise, under the mapping of errors shown in Ref. [21],
the decoders considered here are applicable to the original good QLDPC codes by
Panteleev and Kalachev [17]. Our analysis does not straightforwardly carry over to
the code and decoder proposed in Ref. [19], and it remains to be seen whether that

construction also admits single-shot decoding.

We further remark that all known constructions of asymptotically good QLDPC
codes admit a property called small-set (co)boundary expansion [43], which in
the case of quantum Tanner codes, was used to prove the No Low-Energy Trivial
States (NLTS) conjecture (see Property 1 of reference [44]). Small-set (co)boundary
expansion is also equivalent to the notion of soundness [45]], which lower bounds the
syndrome weight by some function of reduced error weight. Indeed, soundness is
a strong indication of single-shot decodability. Similarly, quantum locally testable
codes [46-50] admit analogous soundness properties, although decoders for such
codes are unexplored. Note that in our proof, what we needed was a notion of
soundness for the mismatch vector (see Lemma[86), which is distinct from the usual
notion of soundness for the syndrome. The weight of the mismatch is in general
incomparable to the weight of the syndrome, so the precise relation between these

two definitions of soundness is not well understood.

In conclusion, our results can be viewed as a step toward making general QLDPC

codes more practical. While many challenges still remain, there have been promising
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developments in this direction [41, 51H53]]. We believe that quantum LDPC codes,
similar to classical LDPC codes, will constitute the gold standard for future quan-
tum telecommunication technologies and form the backbone of resource-efficient

quantum fault-tolerant protocols.
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Chapter 4

FAULT-TOLERANT QUANTUM ARCHITECTURES BASED ON
ERASURE QUBITS

The overhead of quantum error correction (QEC) poses a major bottleneck for re-
alizing fault-tolerant computation. To reduce this overhead, we exploit the idea of
erasure qubits, relying on an efficient conversion of the dominant noise into era-
sures at known locations. We start by introducing a formalism for QEC schemes
with erasure qubits and express the corresponding decoding problem as a matching
problem. Then, we propose and optimize QEC schemes based on erasure qubits
and the recently-introduced Floquet codes. Our schemes are well-suited for super-
conducting circuits, being compatible with planar layouts. We numerically estimate
the memory thresholds for the circuit noise model that includes spreading (via en-
tangling operations) and imperfect detection of erasures. Our results demonstrate
that, despite being slightly more complex, QEC schemes based on erasure qubits

can significantly outperform standard approaches.

4.1 Introduction

Quantum error correction (QEC) and fault-tolerant protocols [[1-3] can benefit
significantly from an ingenious design of qubits with tailored, often hardware-
dependent, noise structure. For instance, a bosonic cat qubit [4-8] exhibits biased
Pauli noise. Such noise can be readily exploited, e.g., by an appropriate variant of
the surface code [9-135], resulting in greatly increased QEC thresholds and reduced
qubit overheads of the associated QEC protocols.

Recently, another type of qubit, often referred to as an erasure qubit, has received
significant attention. Several theoretical proposals have described how the era-
sure qubit can be straightforwardly realized with, e.g., neutral atoms [16], trapped
ions [[17] or superconducting circuits [[18H20], as well as several promising proof-of-
principle experimental demonstrations [21-25]]. The idea behind the erasure qubit is
to engineer a qubit in such a way that its dominant noise is detectable erasures [26].
Importantly, the knowledge of locations of erasures can be efficiently leveraged by
QEC protocols (that may be based on the surface code) and decoding algorithms,
leading to high QEC thresholds and an improved subthreshold scaling of the logical
error rate [27H29].
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For QEC protocols to benefit from erasure qubits, the following requirements have
to be satisfied: (i) a large erasure bias, defined as the ratio of the probability of
an erasure to the probability of any other residual error within the computational
subspace, (i1) an implementation of standard quantum circuit operations, including
state preparation, unitary gates and readout, in a way that preserves an erasure bias,
and (iii) the ability to perform an erasure check capable of reliably detecting erasures
without introducing additional errors within the computational subspace. Thus, it
appears that approaches based on erasure qubits, compared to the standard ones,
are more challenging to implement. However, while there is an additional cost
associated with, e.g., a careful design of the erasure check, once these additional
building blocks are available, then new possibilities for optimized QEC protocols

and fault-tolerant architectures open up.

In this article, we address the question of designing fault-tolerant architectures that
are optimized for and make full use of erasure qubits. We start by introducing a
formalism for QEC protocols with erasure qubits and express the corresponding
decoding problem as the hypergraph matching problem. This, in turn, allows us
to design decoding algorithms, which, in many relevant scenarios, may be based
on the matching algorithm [15, 30]. We then focus on fault-tolerant architectures
and find that erasure qubits are particularly suitable for a recently-introduced family
of QEC codes, Floquet codes [31, 132]]. In particular, in one realization of erasure
qubits via the dual-rail encoding [33]], the minimal set of quantum circuit operations
necessary to implement Floquet codes consists of state preparation, readout, single-
qubit gates and erasure checks (which also play the role of entangling operations).
We discuss possible physical implementations of erasure checks in the context of
superconducting circuits. To benchmark our scheme, we numerically estimate the
memory thresholds of Floquet codes against circuit noise comprising erasures, Pauli
errors and measurement errors (for readout and erasure checks). Lastly, we analyze
further optimizations of Floquet codes that lead to the reduced qubit overhead, as
well as find the smallest Floquet codes with distance two and four, which require,

respectively, 4 and 16 qubits.

4.2 QEC protocols with erasure qubits

Analyzing QEC protocols with erasure qubits poses some challenges. First, mod-
elling each erasure qubit may require at least a three-level system. Second, quantum
circuit operations might, in principle, introduce correlated coherent errors in the

presence of erasures. Consequently, there seems to be little hope for efficient sim-
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ulation methods akin to the ones used for stabilizer circuits [34, 35]]. In addition,

decoding algorithms do not typically consider erasures and their spread.

In this section, we describe how making certain simplifying assumptions allows us to
efficiently decode and simulate QEC protocols with erasure qubits; see Appendix[4.A|
for a detailed description of our formalism. In particular, we phrase the decoding

problem as the hypergraph matching problem.

We emphasize that our formalism and numerical simulations go beyond the paradigm
of erasure qubits. Namely, they can be used for QEC schemes with leakage, allowing

us to quantify the potential gains from the ability to detect leakage [36-38]].

4.2.1 Setting the formalism

To describe QEC protocols, we use quantum circuits that consist of the following
standard single-qubit (1Q) and two-qubit (2Q) operations: (i) 1Q state preparation
(of eigenstates of Pauli operators), (ii) 1Q readout (in any Pauli basis), (iii) 1Q
Clifford gates, and (iv) 2Q controlled-Pauli CP gates, where P € {X,Y, Z}, as well
as the additional operations: (v) 1Q erasure checks, (vi) 1Q reset (of the erasure
qubit), (vii) 2Q projective measurements of Pauli PP operators. We refer to such
circuits as erasure circuits. In contrast, stabilizer circuits consist only of operations

(i)-(iv) and (vii). An example of an erasure circuit is presented in Fig. @.1]

(b)

Figure 4.1: An example of an erasure circuit. (a) An erasure circuit consists of
standard operations, such as state preparation, readout and controlled-Pauli gates, as
well as erasure checks with reset (denoted by EC*). (b) The same quantum circuit
with all possible erasure locations (denoted by &) explicitly inserted. This circuit is
used in the ancilla scheme for Floquet codes.

To simulate QEC protocols, we first need to explicitly include all the erasure lo-
cations (where erasures may happen) into erasure circuits and then replace each

ideal operation (i)-(vii) by its noisy counterpart. We realize the latter by following
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a standard procedure of adding appropriate Pauli noise # after each operation and
adding bit-flip noise N to each outcome (for readout, erasure checks and projective
measurements), as depicted in Table @ To realize the former, we choose to insert
one erasure location on each wire between each two consecutive operations (i)-(vii);
see Fig. .1[b) for an illustration. The noise strengths could be arbitrary at every
location, however, for the purposes of our analysis, we describe the noise by three

parameters: e, the erasure rate; p, the Pauli error rate; and ¢, the classical bit-flip

noise rate.
operation | ideal | simulated |
state gy — ) {2 (3p)
preparation

readout P EC A p

crasure EC*
check with
reset

entangling —] L
gate G

projective _ I L _
measure- IIpp pp | | P(p)

ment

Table 4.1: Mapping of an ideal circuit to a simulated circuit. Note that erasures
occur at the locations in between ideal operations; see Fig. b). For concreteness,
we choose  (p) to be the 1Q or 2Q depolarizing channel (determined by its support)
with error rate p, and N(q) to be the binary symmetric channel (that flips the
measurement outcome) with error rate g. In general,  and N can represent
arbitrary Pauli and binary channels.

In contrast to standard QEC protocols, with erasure qubits not only do we have
Pauli noise that affects quantum circuits but also erasures. Erasures are probabilistic
processes happening at erasure locations and taking the state from the computational

subspace to some orthogonal subspace, which we refer to as the erasure subspace.
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Furthermore, erasures can spread (probabilistically) via 2Q operations. We envision

the following two scenarios.

e Erasure-erasure spread: an erasure spreads to another erasure.

* Erasure-Pauli spread: an erasure spreads to a Pauli error.

One concrete realization of the erasure-Pauli spread, which we refer to as the erasure-
depolarization spread, is when an erasure spreads to either Pauli X, or Y, or Z, each
with probability 1/4. In other words, any qubit affected by an erasure causes full
depolarization of any other qubit that is involved in the same 2Q operation. In the

rest of the article we focus on the erasure-depolarization spread.

The key part of QEC protocols with erasure qubits is the ability to detect erasures.
Erasure detection can be achieved by either readout or erasure checks. Each erasure
check performs a nondestructive measurement that distinguishes the states in the
computational and erasure subspaces. For simplicity, in our numerical simulations
in Sec.@.4Jand Sec.[4.5.T|we assume that each erasure check is immediately followed
by reset of the erasure qubit that reinitializes it in the computational subspace (and
do not include an erasure location in between the erasure check and reset). We

envision the following two scenarios.

* Conditional (active) reset that depends on the outcome of the erasure check

(and possibly other previous erasure checks).

* Unconditional (passive) reset that is independent of any erasure check out-

come.

For concreteness, in either case we assume that the erasure qubit is reinitialized in
the maximally mixed state in the computational subspace. We further assume that
reset acts trivially on the computational subspace. In the rest of the article we focus

on unconditional reset.

We emphasize that in our formalism we assume that the operations (i)-(vii) do not
create coherences between the computational and erasure subspaces. This, in turn,
allows us to efficiently sample from erasure circuits; see Sec. 4.2.3|for details. Also,
our assumption about the erasure-depolarization spread allows us to push erasures
through entangling operations and model entangling operations as always acting on

the computational subspace. We leverage this observation to express the decoding
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problem for erasure circuits as the hypergraph matching problem; see Sec. d.2.2]for

details.

Our approach generalizes straightforwardly to leakage simulations as long as there
are no coherences between the computational and leakage subspaces (regardless of
the number of leaked levels), the only difference being the lack of erasure check
operations; see Fig. 4.6(b)(e) and Fig. [4.15] When there are coherences, the simu-
lation may become less efficient because we might not be able to use the stabilizer

formalism to describe the relevant states.

4.2.2 Decoding problem for erasure circuits

Let us first describe the decoding problem for stabilizer circuits. In addition to the
stabilizer circuit, we also need to specify a distribution of Pauli errors that are placed
at spacetime locations between operations of the circuit and a set of detectors {V;}.
By definition, a detector is a product of measurement outcomes in the circuit that
is deterministic in the absence of errors and gives information about possible errors
when triggered. The stabilizer circuit may describe the implementation of, e.g., a
stabilizer code, where detectors are products of consecutive stabilizer measurements,
or a Floquet code, where detectors are more complicated. Given detectors which are
triggered after running the circuit, the decoding problem is to find a Pauli recovery

which undoes the errors that occurred.

The decoding problem for stabilizer circuits can be phrased as a hypergraph matching
problem. This formulation is particularly useful when the distribution of Pauli
errors is either equal to or approximated by a product distribution of binary random
variables, often referred to as error mechanisms. By definition, an error mechanism
is a pair (P;, p;) such that the Pauli error P; is inserted at specified spacetime
locations in the circuit with probability p;. When P; occurs, it causes a subset
of detectors 7; C {V;} to be triggered. If we then define a weighted hypergraph
H = ({Vi},{7:}), where each hyperedge 7; has weight w(7;) = log((1 — p;)/p:),
then the problem of finding the most likely error triggering a subset of detectors is
equivalent to the minimum-weight hypergraph matching problem on H, i.e., for a
given subset of vertices v C {V;}, find a subset of hyperedges 7 C {7;} with lowest
total weight Y7« w(7"), such that @, 7 = v, where & denotes the symmetric
difference of sets. The recovery operator is the product of all Pauli errors (propagated

to the end of the circuit) that correspond to the hyperedges in 7.
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The decoding problem for erasure circuits is still to find a Pauli recovery. This
time, in addition to the triggered detectors, we also have erasure check outcomes. In
what follows, we describe a mapping of erasure circuits to stabilizer circuits, where
erasures are converted into independent Pauli error mechanisms. This mapping, in
turn, allows us to phrase the decoding problem for erasure circuits as a hypergraph
matching problem.

(a) e L
Gy

¢ -1 e - -

®) -+ — _@

Gy

a4 T Fa-

G, 7
Figure 4.2: Converting an erasure circuit to a stabilizer circuit. (a) A segment s
of the qubit ¢ in the erasure circuit Cr with entangling operations G; and erasure
locations &. (b) A stabilizer circuit C with spacetime locations #;. By placing

spacetime correlated Pauli errors at #; with appropriate probabilities, C becomes
equivalent to Cg; see Algorithm [.1]for details.

We decompose the erasure circuit Cg into segments. By definition, a segment s is
the worldline of a single qubit ¢ between two consecutive reset operations [T see
Fig.[d.2(a) for an illustration. We also define the entangling operations of s as those
with nontrivial support on s and the spacetime locations associated with s as those
immediately following the entangling operations of s. To map Cfg to a stabilizer
circuit with independent Pauli error mechanisms, we modify each segment s of
Cg by removing the erasure checks and reset operations in s and add appropriate

error mechanisms at the locations associated with s. This mapping is guaranteed by
Lemma

Lemma 93. Let s be a segment of an erasure circuit Cg. Given the outcomes
d of erasure checks in s, the distribution of errors introduced by erasures in s
is equivalent to a distribution of spacetime correlated Pauli errors P that can be

described by independent error mechanisms {(P; j, p;)}.

Proof. The proof proceeds in three steps. First, we find the distribution of Pauli er-

rors caused by erasures in the segment. This distribution can be described by disjoint

IFor brevity, we also refer to state preparation and readout as reset operations.
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events which are correlated depolarizing channels applied at different spacetime lo-
cations in Cg, caused by the erasure-depolarization spread. Second, we show that
this distribution can also be described by a product of independent events which
are spacetime correlated depolarizing channels. Third, we decompose each of these

spacetime correlated depolarizing channels into independent error mechanisms.

We start by introducing some notation. Let G; be the i-th entangling operation in
s and ¥; be the spacetime location associated with s placed after G; defined via
supp F; = supp G; \ {¢q}, where i € {1,...,r} and g labels the qubit identified with
s; see Fig. @ For convenience, we use Gg and G, to denote the first and second
reset operations in s, and define ¥, to be the location at g after the second reset.
In the case when G; is a 2Q projective measurement, we imagine the classical bit

containing the outcome to be a qubit and 7; to include that qubit. We also define

1
F . 4.1)

r

+

A
I

j=i
We want to find the distribution of Pauli errors # caused by erasures in s. Let A;
be the event that it was first erased at any location in between G;_; and G;, where
i € {l,...,r+1}. When A; occurs, it causes all qubits connected to g through
subsequent entangling operations to be fully depolarized, i.e., fully depolarizing
channels are added at spacetime locations %;. Note that {A;} are disjoint events.
Given the erasure check outcomes d (whose probability distribution depends on the
erasure probabilities and the false positive and negative detection rates of the erasure

checks in the segment s), we can calculate the posterior probabilities

a; = Pr (Ai

cf) . 4.2)

We then obtain the distribution of Pauli errors # by sampling disjoint events with
probability a; and inserting fully depolarizing channels at % whenever the corre-

sponding event is sampled.

In the description of #, we have disjoint events rather than independent ones. To
obtain the desired description, we show that # can also be obtained by sampling
r + 1 independent events { B; }, where B; is defined as a binary random variable with

probability
i-1
bi=ai| |a-b)~", 4.3)
j=1
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and placing fully depolarizing channels at spacetime locations %; whenever B; is
sampled. To do that, observe that for i < j a composition of fully depolarizing
channels at %; and ?] is equivalent to the fully depolarizing channels at %, since
F 2 ?J Therefore, fully depolarizing channels are placed exclusively at 7 iff we

sample B; but no other B; for j < i, which happens with probability
i-1
bi[ |1 -b)) =a;=Pr (Al-‘d) . (4.4)
j=1

Finally, we further decompose the depolarizing channels resulting from the events
%
-1

error mechanisms, each corresponding to a different nontrivial Pauli error P; ; that

{B;} into independent error mechanisms. Namely, for each B; we introduce 4

can be placed at spacetime locations % with probability

12f7

I-1(1-by)? . (4.5)

Di

The resulting product distribution of independent error mechanisms {(P; ;, p;)} is
equivalent to . To show that, we use the same reasoning as in Claim 1 of Ref. [39].
The analysis there considered Pauli errors on m qubits which occur at the same time,
but the only necessary ingredient is that the set of possible errors under composition
forms a group isomorphic to Z%’" which is true in our case with m = |%|. This

concludes the proof. O

For the reader’s convenience, we recap the conversion of an erasure circuit into a

stabilizer circuit with independent error mechanisms in Algorithm[.1]

‘We finish this subsection with a few remarks.

* Depolarizing noise can be decomposed into independent error mechanisms [39].
For arbitrary Pauli channels an exact decomposition may not exist, but one

may use an approximate one [40].

* In many scenarios, e.g., the surface code or Floquet codes, the distribution of
Pauli errors can be further approximated by a product of independent error
mechanisms that trigger at most two detectors. Consequently, the decoding
problem reduces to the graph matching problem, which is efficiently solv-
able [41]].
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Algorithm 4.1 Conversion of an erasure circuit to a stabilizer circuit with indepen-
dent error mechanisms

Input: .
erasure circuit Cg, erasure check outcomes d
Output:

stabilizer circuit C, error mechanisms {(P; j, p;)}

1:
2:
3:
4.
5-

@

=

10:
11:
12:
13:
14:

S « {segments in Cg}
for each 5 € S do
{Fi} < spacetime locations associated with s
for each i do .
d)

a; < Pr Al‘
bi «— a; H;;ll(l —bj)™!

[

pi— s -1(1-b)°
for each nontrivial Pauli error P; ; at ?7 do
include error mechanism (P; ;, p;)
end for each
end for each

end for each
C < Cg with deleted erasure checks and reset
return C, {(P; j, pi)}

* The number of error mechanisms added for each segment s in Algorithm §.1]
is exponential in the length of s. If reset operations occur at constant time
intervals in the erasure circuit Cg, then the total number of added error

mechanisms is proportional to the size of Cg.

* If reset operations occur between every entangling operation in the erasure
circuit (as is the case in our numerical simulations), then the resulting error
mechanisms are not time correlated and can simply be described by depolar-
izing channels; see Appendix

» For simplicity, we focused on the scenario of the erasure-depolarization
spread. The analysis for the deterministic erasure-erasure spread is simi-
lar. However, the probability of erasure between entangling operations may
need to be conditioned on many erasure check outcomes, not just within one

segment.

4.2.3 Sampling erasure circuits

We envision two ways of sampling from an erasure circuit for simulation purposes. In

the first method, we use one bit of information per qubit to represent its erasure state.
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This allows us to efficiently simulate erasures, erasure checks and reset operations
by sampling from the correct probabilities and updating this classical data. For
the qubits in the computational subspace, we keep track of the stabilizers and
update them after standard stabilizer circuit operations using the Gottesman-Knill
theorem [34, 35]. When a qubit is erased, we randomize measurement outcomes

involving it and depolarize qubits that interact with it through entangling operations.

Alternatively, we may simulate the circuit by first sampling all erasure check de-
tection events. Conditioned on the results, we then use the results of Sec.d.2.2]to
obtain stabilizer circuits that we can sample from. Each independent error mecha-
nism in the resulting circuit can be simulated by adding a classical bit that determines
whether or not the corresponding error is applied. However, this is often unneces-
sary because if the Pauli errors occur at the same time (as is the case for us; see
Appendix 4.B)), it can be simulated by depolarizing channels. The advantage of this
approach is that after obtaining the erasure detection events, the same circuit can be

used for sampling and decoding.

4.3 Scalable architecture with erasure qubits

In this section, we describe how a realization of erasure qubits via the dual-rail en-
coding naturally leads to a fault-tolerant architecture based on Floquet codes (which
we briefly overview). Our approach is particularly well-suited for superconducting
circuits. We also discuss possible hardware implementations of physical operations

needed to realize Floquet codes.

4.3.1 From erasure qubits to Floquet codes

One of the simplest ways to realize the erasure qubit is via the dual-rail encoding
0) ~ 101y, [1) - 110), (4.6)

which is particularly well-suited for superconducting circuits. Namely, the dominant
noise for this quantum computing platform is the amplitude damping noise [42, 43]]
that describes the energy relaxation from the excited state |1) to the ground state
|0). A single amplitude damping event can be detected as it maps any state of the
erasure qubit to the state |00) which is orthogonal to the computational subspace
span{|01),|10)}. Consequently, the effective noise afflicting the qubit is dominated
by detectable erasures. We remark that a few recent experiments demonstrated the
erasure qubit via the dual-rail encoding using either two transmons [24] or two 3D
cavities [23, [25]].
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Figure 4.3: A planar layout of erasure qubits realized via the dual-rail encoding.
Projective measurements of Pauli Z;;Z;; and Z;; Z;| operators implement, respec-

tively, an erasure check for the erasure qubit i/ and a Pauli TZJ measurement on the
computational subspace of two erasure qubits i and j. This layout is well-suited for
Floquet codes, benefiting from their low qubit connectivity. The erasure qubit can
be realized by two coupled transmons, the erasure check via an LC element [[18] and
the projective measurement via a single transmon; see Appendix §.C|

Observe that a projective measurement of a Pauli Z;; Z;, operator, where i1 and i2
label two qubits forming the erasure qubit i via the dual-rail encoding, is sufficient
to implement an erasure check; see Fig. 4.3] Namely, a +1 measurement outcome
implies that the state is outside the computational subspace span{|01),|10)}, and
the erasure qubit has suffered from an erasure. However, a projective measurement
of a Pauli Z;1Z;, (or Z;»Zj) operator supported on qubits from two different era-
sure qubits i and j implements a Pauli TZI measurement on their computational
subspace. Therefore, the ability to perform projective measurements of Pauli ZZ
operators, together with single-qubit Hadamard H and phase S gates on the compu-
tational subspace, is sufficient to implement erasure checks and Pauli XX, YY, ZZ
measurements on the computational subspace. This, in turn, allows us to implement
Floquet codes with erasure qubits (where we implicitly assume the capability of
single-qubit state preparation and readout in the computational basis); see Fig. 4.3]

for an illustration.

4.3.2 Floquet codes
The first and arguably simplest example of Floquet codes is the honeycomb code [31,
32|, which is defined on a hexagonal lattice with either periodic or open boundary

conditions. The honeycomb code is realized by placing qubits on the vertices V
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Figure 4.4: A (graph-based) Floquet code can be defined on a hexagonal lattice with
periodic boundary conditions. The code is realized via a sequence of measurements
of two-qubit Pauli operators (depicted as red, blue and green edges) on neighboring
qubits (gray dots). A sequence of measurements described in the table gives rise to
the CSS honeycomb code.

and measuring two-qubit Pauli operators associated with the edges E in a specified
sequence. Namely, Pauli XX, YY and ZZ operators are associated with red, blue

and green edges, respectively, and are measured at around # mod 3 =0, 1, 2.

One way to generalize the honeycomb code, which we refer to as a graph-based
Floquet code, is by defining a QEC code based on a connected graph G = (V, E).
We require that the vertices V are three-valent and the edges E are three-colorable,
1.e., the edges split into three sets, £ = Eg U E; L E5, and no two different edges
from E; are incident. We place qubits on the vertices V and consider a measurement
sequence of period three, where at around ¢ mod 3 = 0, 1,2 we measure Pauli XX,
YY and ZZ operators associated with edges in Ey, E| and E,, respectively. The
definition of graph-based Floquet codes is motivated by the possibility of having
a native implementation of two-qubit Pauli measurements with erasure qubits; it
also guarantees low qubit connectivity. We remark that our exhaustive search in
Sec. [4.5.1] finds the the smallest graph-based Floquet codes with distance two and

four.

We can also consider a CSS version of graph-based Floquet codes, defined using
a period-six measurement sequence; see Fig. [4.4] for an illustration of the CSS
honeycomb code [44]]. In what follows, we mostly focus on CSS Floquet codes, as

they outperform the non-CSS counterparts; see Sec. d.4]
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So far, we have only discussed examples of Floquet codes without defining them.
The foundational idea behind Floquet codes is that logical information is encoded in
a dynamically evolving codespace. Consequently, a Floquet code C can be defined
by a sequence of measurements rounds My, M, ..., where each round M; consists
of a set of commuting Pauli operators. From that perspective, Floquet codes are
synonymous with a sequence of code switchings [45-50] or dynamic automorphism
codes [51]]. Note that the operators from M; and M; may not commute fori # j. In
each round, the codespace is stabilized by an instantaneous stabilizer group (ISG) §;,
which is an abelian subgroup of the Pauli group not containing —/. Measuring new
operators in M; takes the previous codespace with ISG S;_; into a new codespace
stabilized by S;. The new ISG §; is generated by M, along with all elements of
S;_1 that commute with the new measurements. We remark that stabilizer [52] and
subsystem [53]] codes correspond to Floquet codes with a measurement sequence of

period one and two, respectively.

We can specify the code parameters of a Floquet code C as follows. The ISG S; can
be viewed as a stabilizer code with k; > 0 logical qubits. The sequence kg, k1, . . . is
nonincreasing, and therefore becomes a constant after some number of measurement
rounds. We thus define the number of logical qubits of C to be k¢ = lim;_, k;.
The distance of C should be defined as the circuit distance, i.e., the smallest number
of spacetime faults that are undetectable yet cause a logical operator to be applied,
which depends on the details of the syndrome extraction circuit. For simplicity, we
instead consider the distance to be the minimum distance of the stabilizer code from

any ISG (which provides an upper bound on the circuit distance) [2|

4.3.3 Implementation of erasure checks and Pauli ZZ measurements

Floquet codes with erasure qubits crucially rely on three operations, erasure checks,
single-qubit gates on the computational subspace and projective measurements of
Pauli ZZ operators. Since an erasure check is an extra operation that is not typically
considered (on top of state preparation, entangling gates and Pauli measurements), it
constitutes an additional hurdle to overcome. We mentioned that for erasure qubits
via the dual-rail superconducting encoding erasure checks may, in principle, be
realized by a projective measurement of the Pauli operator ZZ, but this is simplistic.
Instead, there are efforts to design erasure checks in an optimized way, for instance,

by symmetrically coupling a readout resonator to two transmons [[18]].

2Note that the families of Floquet codes considered in Sec. have a growing circuit distance
which is proportional to the distance. Such scaling of the circuit distance does not hold in general.
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Figure 4.5: Scheme for a parity measurement of two dual-rail qubits, which are
composed of transmons T1, T2 and T3, T4, respectively. The ancilla transmon T5
is coupled to T2 and T3. In this hardware-efficient construction, the utilization of a
coupler is avoided by using T5 for measurement without reducing the efficiency of
the procedure. A parity measurement could be realized by modulating the coupler
energy gap at the frequency of the dual-rail qubit’s gap.

Surprisingly, for dual-rail qubits projective measurements of Pauli ZZ operators
might be efficiently and swiftly realized using a single transmon almost without
paying the price for the transmon’s low (compared to the dual-rail qubit’s) coherence
and amplitude damping time 7;. We propose to do so by incorporating the ideas

from the cavity dual-rail architecture [[19].

Concretely, the parity measurement could be realized by coupling a single trans-
mon (which will be used as an ancilla) to two dual-rail qubits and modulating the
flux on the transmon parametrically in resonance with the gaps of the dual-rail
qubits; see Fig. .5] Such a modulation realizes the following effective interaction
%’"a;as (Z_1 + Z_2), where g, is the interaction strength, as is the ladder operator
for the ancilla transmon and Z; denotes Pauli Z operator on the computational sub-
space of the i-th dual-rail qubit. Since the transmon is only coupled to Z; + Z,
manipulating the ground and second excited states of the ancilla transmon allows
for a robust parity measurement. This method is resilient not only to the phase
noise of the ancilla transmon but also to the amplitude damping noise. Assuming
that the coherence of the dual rail reaches a few milliseconds [24], the main source
of noise in this scheme is expected to be measurement idling dephasing and gate
control noise, which both should be less than 107#; see Appendix for details.
By employing this scheme, we can directly implement the projective measurement

of Pauli ZZ operators required for Floquet codes.
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4.4 Numerical simulations for Floquet codes

We now describe the results of our numerical simulations of Floquet codes with
erasure qubits. Our simulations were performed using the second method of sam-
pling described in Sec. d.2.3] After sampling erasure check detection events, we
used the Python package Stim [54] to sample from the resulting stabilizer circuits.
For each sample, Stim outputs detectors that are violated along with the final value
of a given logical operator and decomposes noise into error mechanisms that set
off at most two detectors. Thus, we decode using the method outlined in Sec. 4.2.2]
by inputting this decoding graph along with the samples to the minimum-weight
perfect matching decoder PyMatching [55)]. The decoder reports an error if after
decoding, the value of the logical operator is different than when initialized. For
a distance d code, we calculate py, the logical error rate per 3d rounds. For more
details of the simulation, see Appendix

Our main numerical results are presented in Fig. 4.6 We simulate two ways
of implementing the measurements of the CSS honeycomb code: (i) the ancilla
scheme using an ancilla qubit and two-qubit entangling gates as depicted in Fig. [4.1]
and (ii) the 2Q entangling measurement (EM) scheme as described Sec. 4.3.3] In
both scenarios we perform either erasure checks with reset or readout after each
entangling operation. We probe the (e, p, ¢) phase space to determine the threshold
surface and find the correctable region where errors can be suppressed arbitrarily
by increasing the code distance.

We remark that depending on the noise parameters it may be optimal to perform
erasure checks less frequently than after every entangling operation. Although we
have not simulated all possible erasure check schedules, we find an upper bound
for their thresholds by simulating the scheme with ideal erasure checks and reset.
In particular, the light blue and orange regions in Fig. [4.6(b)(e) represent potential
gains of the correctable region that may be achieved by optimizing the erasure
check schedules. Alternatively, the solid lines could be brought closer to the ideal
bound (dashed lines) by simultaneously performing the erasure measurement with

the entangling operation and improving the reset procedure.

In Fig. we show how the logical error rate py is suppressed by increasing code
distance for error rates below threshold in the ancilla and EM schemes. We choose
e, p and g to be in the correctable region for the erasure scheme from Fig. 4.6

These values are also comparable with the experimentally measured erasure and



139

Threshold surface (ancilla) Threshold surface (EM)
0.003
0.006
0.002
0.004
P P
0.001 0 0.002 0
0.01 0.01
0.02 9 0.02 9
0o 0.005 001 003 00 0005 001 o015 0.03
e e
(a) (d)
q=0.0059, e =0.0021 (ancilla) Cross sections (ancilla)
0.05 0.006 -
IS —+ g=0
~
0.04 Yo 4=0.0059
0.004 - \.\ . —— g=0.012
= d=4 3 N
= 0.03 1 d=8 o \ "\\
d=12 0.002 - SN,
d=16 Y
d=20 \\ '\ Se
0.02 L, ; T T 0.000 \. ; T T
8x10™% 8.5%x10749x10749.5x 1074 1073 0.000 0.005 0010 0.015 0.020
P e
(©) (b)
0,020 Cross sections (EM) q=0.0059, e =0.0035 (EM)
A —+ gq=0
0.015 {\ > q=0.0059 0.05 -
.
v N —+ g=0.012
Y Y
a0t % N & 0.04 - d=4
\‘ N d=8
\ ™ d=12
i | .
0.005 \ . d=16
Mo 0.03 4 d=20
0.000 . * . — . . ‘ ;
0.00 0.01 0.02 0.03 0.04 0.0016  0.0017 0.0018 0.0019
e p
(e) ()

Figure 4.6: Simulations of the CSS honeycomb code realized via the (a)-(c) ancilla
and (d)-(f) EM schemes. (a)(d) The threshold surface in the (e, p, g) phase space,
where e, p and ¢ are the erasure, Pauli and measurement error rates, respectively.
(b)(e) Cross sections of the threshold surface for different values of g (solid lines).
The dashed lines correspond to the scheme with erasure checks and reset that cause
no additional errors, bounding the performance of any erasure scheme. The dashed-
dotted lines correspond to the standard scheme with no erasure checks and ideal
reset (also interpreted as the code’s performance under leakage). Erasure schemes
can operate in a region (blue) where the standard scheme cannot. Since erasure
checks and reset cause additional errors, for a low erasure bias there is a region
(orange), where the standard scheme may be better. (c)(f) We find the thresholds by
plotting the logical error rate p; for distance-d codes as a function of p or e, and
fitting a finite-size scaling ansatz; see Appendix #.D]
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residual error rates of 0.4% and 0.01% per single-qubit gate, and the false positive

and negative erasure detection rates of around 1% [24]].

Subthreshold scaling (ancilla) Subthreshold scaling (EM)
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Figure 4.7: Subthreshold scaling of the logical error rate p; with distance d for
the (a) ancilla and (b) EM schemes. We compare the results when checking for
erasures after every entangling operation (solid), without performing any erasure
checks (dashed-dotted), and in an ideal case where erasure checks introduce no
errors (dashed), which gives an lower bound on the achievable p;. For a high
erasure bias (blue), we obtain better suppression and scaling of p; by performing
the erasure scheme; for a low erasure bias (orange), the standard scheme is better.

In Fig. 4.8 we present several optimizations where we find the threshold for the
ancilla and EM schemes under erasure-biased noise characterized by a single pa-
rameter x = g = e = 10p. We consider two layouts: (i) the standard embedding of
the hexagonal lattice on a torus as in Fig. d.4(a) and (ii) the qubit-efficient layout
achieving the same distance by “twisting” the torus as in Fig. 4.9(f). This qubit-
efficient layout, suggested in Refs. [32, 156], is the optimal layout on a torus for a
given distance and uses 25% fewer qubits than the standard layout [S7]. Although
the logical error rate p; at the threshold is lower for the standard layout, at low
physical error rates, where the scaling of p; is determined by the distance, it is
preferential to use the compact layout as it achieves a higher distance for a given
number of physical qubits. We also simulate the performance of the original hon-
eycomb code with the compact layout and find that its threshold is lower than that
of the CSS honeycomb code. This can be explained by the fact that the detectors
are products of 6 measurement outcomes in the CSS honeycomb code compared to
products of 12 measurement outcomes in the original honeycomb code. Therefore,

the CSS version is more robust against measurement errors.
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Figure 4.8: Comparison of the thresholds for the (a) ancilla and (b) EM schemes.
We assume erasure-biased noise with a single parameter x = ¢ = ¢ = 10p. For
the CSS honeycomb code, the standard (solid) and compact (dashed) layouts give
the same threshold, with the latter having higher logical error rate p;, for the same
distance d. The original honeycomb code (dashed-dotted) with the compact layout
exhibits a lower threshold.

4.5 Smallest Floquet codes

Having analyzed families of Floquet codes on the torus, one may ask what the
smallest possible (graph-based) Floquet codes are. In this section, we find the
previously unknown codes with distance two and four and analyze their performance
in terms of the logical error rate. We also describe a connection between Floquet

codes and two-manifolds.

4.5.1 Searching for smallest Floquet codes

Because we are considering erasures, distance-two codes may allow us to correct
up to one erasure. The smallest 3-regular graphs are the complete graph K4, the
complete bipartite graph K33, and the prism graph Y3. Each of these graphs has
exactly one 3-edge-coloring (up to isomorphism), so they define valid Floquet codes.
The codes all have distance two, and they encode either one or two logical qubits.
We depict them in Fig. 4.9(a)-(c). We remark that compared to the [[16,4,2]]
hyperbolic code defined on the Bolza surface [58]], the [[6, 2, 2]] codes defined on

K33 and Y3 have better encoding rates at the same distance.

For Floquet codes that can correct one unknown error, we consider distance-four
codes. Previously, the smallest known Floquet code with distance four was the
[[18,2,4]] code using the twisted embedding of the hexagonal lattice on a torus [32,
56]]; see Fig. 4.9(f). We ran an exhaustive search through all 3-edge-colorings of
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Figure 4.9: The smallest (graph-based) Floquet codes with distance two and four.
Qubits are depicted as gray dots. For each code illustrated in (a)-(f), we specify a
manifold ¥ used to embed its associated graph, as well as its code parameters n, k
and d. Here, T2, RP?, and K denote a torus, a real projective plane, and a Klein
bottle, respectively.

3-regular graphs up to 18 vertices and found two additional distance-four codes with
16 and 18 qubits. These codes both encode one logical qubit; see Fig. 4.9(d)(e).

We also simulate the performance of the [[16, 1, 4]] code, presenting the results for
the ancilla and EM schemes in Fig.[4.10] To find the pseudothresholds, we compare
the logical error rate p; of the code against an unprotected qubit that undergoes the
same noise and is affected by four depolarizing channels, two with error rate p and
two with error rate 3e/4, at every step. In the EM scheme, there are single error
mechanisms that can corrupt two qubits along a logical operator, which halves the
circuit distance compared to the distance of the stabilizer code of any ISG. This can
be seen from the subthreshold scaling, as the the slopes of the solid and dashed lines
are the same for low error rates. This phenomenon does not occur for the ancilla

scheme.

4.5.2 Interpretation through manifolds

It turns out that one can interpret any graph-based Floquet code as arising from
a tessellation of some closed two-manifold (with the tessellation forming a two-
dimensional color code lattice [S9, |60]). By definition, a two-dimensional color

code lattice is 3-valent and its faces are 3-colorable, i.e., faces are colored with three
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Figure 4.10: Finding the pseudothreshold of the [[ 16, 1, 4]] code in the (a) ancilla and
(b) EM schemes. We assume erasure-biased noise with ¢ = ¢ = x and p = ax where
x and « are parameters. The dashed lines represent error rates of an unprotected
qubit experiencing the same noise while idling for the same amount of time.

colors and any two neighboring faces sharing an edge have different colors. The

following lemma guarantees the relation between Floquet codes and two-manifolds.

Lemma 94. Any finite connected 3-regular graph G = (V, E) with a 3-edge-coloring
E = Eg U E{ U E5 can be embedded in a closed two-manifold ¥ with 3-colorable

faces, whose coloring is induced by the edge coloring.

Proof. By removing all edges in E;, we obtain a disjoint union of cycles. Let F;
denote the collection of these cycles. Consider filling in these cycles so that they
are homeomorphic to disks. The boundaries of the disks are edges of the graph, and
each edge in G is part of exactly two cycles. By gluing disks together along an edge
when they share the same edge in G, we obtain a closed manifold £ on which G
has a natural embedding. The faces of X are F = Fy U F; LI F; and their coloring is
induced by the coloring of the edges of G, i.e., any face in F; has color i. Note that
since each i-colored edge is part of faces colored j and k, with i, j, k all distinct,

any two neighboring faces of X have different colors (both distinct from 7). [

The parameters of the Floquet code associated with the graph G can be related to
the X-embedding of G. Let us define the shrunk lattice of color i to be the graph
G; = (F;, E;), where an edge e € E; connecting v to w in the original graph G now
connects the two i-colored faces that v and w are on. The graph G; also has an
embedding in X, which is obtained from the embedding of G by “shrinking” the i-

colored faces to a point and extending the i-colored edges. Similarly to Ref. [31], we
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find that at every round i of the evolution of the Floquet code, the ISG is equivalent

to the toric code on the X-embedding of G;. Thus, the number of encoded qubits is
k=dimH|(X;Z;) =2 - x 4.7)

_ 2g, orientable X of genus g, 48)

g, nonorientable X of demigenus g,
where H|(X;7Z,) is the first homology group of the two-manifold ¥ with Z, co-
efficients and y is the Euler characteristic of X. Furthermore, the distance of the
Floquet code at round i is the smaller of twice the length of the shortest noncon-
tractible cycle of G; and the length of the shortest noncontractible cycle in the dual

graph G. Since the dual graph G is bipartite, the distance is even.

4.6 Discussion

In our article, we designed and optimized fault-tolerant quantum architectures based
on erasure qubits. While our analysis has focused on Floquet codes, we also
envision making use of other QEC codes, such as the surface code and quantum low-
density parity-check codes [61]]. The surface code, similarly to graph-based Floquet
codes, can be realized with planar layouts of qubits and projective measurements
of Pauli XX and ZZ operators between neighboring qubits [39, 62]]; quantum
low-density parity-check codes are generally incompatible with planar layouts, but,
in principle, can be realized with, e.g., superconducting circuits [63]] and neutral
atoms [64]. Irrespective of the QEC codes used, we expect the corresponding
quantum architectures to benefit from erasure qubits and significantly outperform

standard approaches.

Our analysis and numerical simulations relied on certain simplifying assumptions,
including the erasure-depolarization spread, noise rates that are uniform through
the circuit, and frequent erasure checks followed by unconditional reset. However,
similar analysis can be fine-tuned for specific architectures, making it more realistic
and potentially further improving the performance of QEC protocols. For instance,
if erasures spread to Pauli Z errors, then one may be able to design clever syndrome
extraction circuits that suppress the error propagation. One may adjust the noise
rate at each spacetime location depending on the execution time of quantum circuit
operations; see Appendix [4.B|for an illustrative example. Also, one may choose to
perform less frequent erasure checks (to reduce the time overhead associated with
their implementation) and conditional reset operations (to reduce the effect of false

negative erasure detections).
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Lastly, our formalism for QEC protocols with erasure qubits and phrasing the
corresponding decoding problem as the hypergraph matching problem constitute the
first step toward systematic development and optimization of decoding algorithms.
Such efforts, in turn, will further solidify the claim that erasure qubits are an attractive

building block for fault-tolerant quantum architectures.
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4.A Formal description of QEC protocols with erasure qubits

We can make the discussion about QEC protocols with erasure qubits more precise.
Formally, each wire represents an erasure qubit and it suffices to model it as a three-
level system with an orthonormal basis |0), |1) and |2), where the states |0) and
|1) span the computational subspace H, ~ C®2 and the state |2) spans the erasure

subspace ‘H, ~ C. Let I, and Il,;, where a,b € {c, e}, denote the projectors

=+
PP’

P € {X,Y,Z}, to be the projectors onto the (+1)-eigenspaces of the Pauli P and

onto H, and H, ® Hp, respectively. Similarly, we define IT; and IT},, where

PP operators, respectively. We write G, to capture that the operator G acts on

q—la ® 7‘{[;.

In Sec. .21 we assumed that none of the operations (i)-(vii) can create a superpo-
sition of states in the computational and erasure subspaces of erasure qubits. Given
our assumption of the erasure-depolarization spread, i.e., an erasure causes full de-
polarization of other qubit that is involved in the same 2Q operation, we obtain that
the operations (i)-(vii) have a block-diagonal structure and act on the Hilbert spaces

associated with erasure qubits as follows.

(i) 1Q state preparation of a state i) € H, in the computational subspace of the

erasure qubit.

(1) 1Q readout measures a Pauli P operator, but if the state is erased, then it gives
a random outcome, i.e., it performs the two-outcome positive operator-valued
measure (POVM) with IT}, + 311, and T + 11L,.

(111) 1Q gate G acts on the computational subspace of the erasure qubit, i.e., G.®1,.
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(iv) 2Q gate G acts on the computational subspace of the two erasure qubits
and fully depolarizes the other qubit if one qubit is erased, i.e., it applies a
quantum channel with Kraus operators Kp g = %GC,C ®P.o®Qcc®1,, for
all P,Q e {I,X,Y,Z}.

(v) 1Q erasure check performs the two-outcome measurement with projectors I,
and IT,.

(vi) 1Q reset acts trivially on the computational subspace and reinitializes an
erased state as the maximally mixed state in the computational subspace, i.e.,
it applies a quantum channel with Kraus operators Ky = I, K| = % |0X2]

=L
and K, = 5 [1X2].

(vii) 2Q projective measurement measures a Pauli PP operator, but if either qubit
is erased, then it gives a random outcome and fully depolarizes the other qubit,
i.e., it performs the two-outcome POVM with H; pt+ %(HM +11. . +11,.) and
I, , + %(He,c +1I1. . + 11, .) followed by an application of a quantum channel
with Kraus operators Kp g = %IC,CGBPC,eGBQe,CGBIe,e forallP,Q € {I,X,Y,Z}.

4.B Examples of the edge-weight calculation and erasure rate adjustment

@ —{RF-E FE-ECHR ) — —@(b,)
1

G G

Figure 4.11: An example of mapping an erasure circuit to a stabilizer circuit. (a) A
segment of an erasure circuit. (b) An equivalent stabilizer circuit.

We present an example of how to decode erasures by converting a segment of an
erasure circuit into a stabilizer circuit. Consider the segment in Fig. 4.11|(a), where
each erasure location has probability e and the erasure check outcome is flipped
with probability g. The erasure detection event EC has distribution

Pr(EC=1)=[1-(1-¢)*](1-¢q) + (1 -e)q, (4.9)
Pr(EC=0)=1-Pr(EC=1). (4.10)

Conditioned on EC, the probabilities that the qubit was first erased at &; or &, are

respectively

0= e(l—q) . _(1-e)e(1-q)
' PrEC=1)’ 27 TPEC=1)

4.11)
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if D=1, and

eq _ (1-e)egq

“P(EC=0) T Pr(EC=0)" (4.12)

ai

if EC = 0. If the qubit was first erased at &1, it would depolarize the second qubit
after the entangling gate. Furthermore, the qubit itself would become maximally
mixed after the reset operation. Thus, both qubits become fully depolarized. If the
qubit was first erased at &,, only that qubit would become depolarized from the
reset. By the proof of Lemma 93] the segment is equivalent to the stabilizer circuit
in Fig. 4.T1|(b) with error probabilities

15 3 an
b o= a,, b,=> .
T 27 41 -4,

(4.13)

To adjust erasure rates at different spacetime locations depending on the execution
time of quantum circuit operations (and thereby making numerical simulations
more realistic) we can use the following simple heuristic. Let T be the erasure time
(which for the erasure qubit via the dual-rail encoding corresponds to the amplitude
damping time 77). Let & be an erasure location in between two consecutive quantum
operations A and B with the execution time 74 and Tp, respectively. We can then

set the erasure rate associated with & to be
e = (aTA + bTB)/TE, (414)

where a,b € [0, 1] are appropriately chosen. In particular, in the middle of the
segment s we may set a = b = 0.5; if A or B correspond to one of the endpoint of
s, then we set a or b to be 1. We also remark that adjusting a and b for erasure
locations adjacent to erasure checks allows us to effectively adjust the false positive

and negative erasure detection rates.

4.C Parity measurement of two dual-rail qubits

Here, we outline our scheme for parity measurement of two dual-rail qubits that uti-
lizes a single transmon for measurement. The proposed scheme is based on Fig.}.5]
The dual-rail qubits are encoded in transmons T1, T2 and T3, T4, respectively, while

the interaction is generated by the coupler TS5 within the T2, TS5, T3 system.

Each dual-rail qubit consists of two tunable transmons, brought to resonance as
in Refs. [18) 24], while the single tunable transmon T35 realizes the parity mea-
surement. The reason why we can employ such a hybrid construction combining

high-coherence dual-rail qubits and a low-coherence transmon is that most of the
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noise on the ancilla transmon commutes with the interaction, and thereby does not
propagate in leading order to the dual-rail qubits as in Ref. [65]. Part of the noise that
does propagate is addressed by the dual-rail qubit’s built-in decoupling mechanism.

Furthermore, this construction shares similarities with the cavity setup described in
Ref. [19]. However, the interaction can be significantly faster than the cavity system
since it is not limited by the Purcell effect, which is an important limitation on the

rate for high-coherence cavities in a hybrid construction.

The interaction is generated by the second order ZZ coupling between T5 and T1
and TS and T3 in the following way. Starting with the Hamiltonian
5 o
H = Z wia?ai + Ea;a;}'aiai + 4.15)
i=1

gDRI1 (ad{az + h.c.) + gDR2 (a§a4 + h.c.) +

g (a;as + a;a3 + h.c.) ,
where w; is the frequency of the transmon Ti, « is the nonlinearity, gpg; is the

capacitive coupling between two transmons of the i-th dual-rail qubit and g is the

capacitive coupling between the ancilla transmon T5 and either T2 or T3.

In the limit of large detunings, A| = ws— w3, Ay = w5 — w3, when wy = Wi, wWg = W3

and A; > «, g, the coupling between T5 and the rest of the system reduces to
gg)a'asa az +g§z)aTasa as, (4.16)

. 2
when g}, = %0{. This Hamiltonian becomes
i

H = gDleX_1+ gDzRZX_2+ aTa5 (gg)Zl + g(z)Zz) “4.17)

Here, Z; and X; are Pauli operators of the i-th dual-rail qubit defined in the standard
way for the computational basis states |0) and |1), as defined in Eq. (4.6).

principle the interaction terms are off resonance and thus could be neglected unless
géz) is modulated at the dual-rail qubit frequency gpg;.

(@)

The ZZ coupling term g, could be modulated by a parametric drive of the detuning

(A; +6i05 Ql‘)za ~ Aia, N 2g a; cos Qr. Thus, by modulating

the coupler frequency, and thus the detumng between the coupler and the dual

rails, it is possible to realize an effective Hamiltonian gT”’aTale or gT’”aTa5Z2

resulting in gZZ =

Moreover, by modulating at both frequencies it is possible to realize a Hamiltonian
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%azas (Z + Z»). By adding local terms this Hamiltonian could be written as
H, = g7m| FYFI(Z, + Zy), where | f) denotes the transmon’s second excited state.
This is exactly what is needed to implement the ZZ gate proposed in Ref. [19].
Here, however, we only aim to use this term to implement a parity measurement,

simplifying the scheme and resulting in higher fidelity.

4.C.1 Parity measurement scheme
We propose to conduct the parity measurement via the ground state |g) and the
second excited state | f) manifold, enabling us to detect amplitude damping of the

transmon by measuring the first excited state |e). The protocol starts with the state
lg + £)|a00 + B10 + y01 + 611), (4.18)

where the basis state of the dual-rail qubit is defined as in Eq. (4.6). By setting the

iHpt

total time so that ‘%t = r the unitary e'"»' propagates the state to

|g+f)|01(_)(_)+6ﬁ>+|g—f>|,81(_)+)/(_)1), (4.19)

which, followed by measuring the operator |g + f){g + f|—|g — f){g — f|, realizes
the parity measurement. The main advantage of this scheme is that amplitude

damping is heralded, and the phase noise of the transmon does not propagate to

T
5

Thus, the transmon’s phase noise only affects the measurement error, benefiting

the dual-rail qubits because the coupling term aas commutes with the noise term.
from a large threshold, as discussed in Ref. [65]. This property of the measurement
scheme allows for the utilization of a low-coherence single transmon and does not
necessitate the use of a dual-rail qubit as an ancilla or a coupler, which would have

slowed down the protocol considerably.

The parity measurement itself is slower by a factor of 2 than the regular ZZ term
between two transmons and the gate should be realized twice, once for each dual
rail. The gate itself could be achieved at around 80 ns as shown in Fig. @.13] The
dephasing due to the dual-rail qubit would be of the order of ~ 2 X 2?(5) o5~ 3% 1073
for each parity measurement, for the Markovian case and down to the 10~ level

for the non Markovian one, where the estimation of the 2.5 ms coherence time is
based on results in Ref. [24]. Thus, the main source of dephasing would be the
erasure measurements. The erasure measurement takes a similar amount of time
as a regular measurement, which could be performed in less than 100 ns [66] or
even below 50ns [67]], which is comparable to the gate time. Thus, we anticipate

that the measurement induced dephasing will be the main source of noise in this
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11)
11)
- I11) |01 4 10)
01 4 10)
=| |01+ 10) 01 —10)
=] [0T — 10)
& Jo1—10) |00)
j0o) o
L [00) : H

Transmon |g> Transmon |€> Transmon |f>

Figure 4.12: Error terms that restrict the accuracy of the parity measurements are
illustrated. The level structure of the dual-rail qubit is depicted in each column
based on the ancilla transmon state, which can be either |g), |e), or |f). When
inducing a transition between the states |01 + 10) and |01 — 10) by modulating the
detuning, unwanted couplings, highlighted in red, will cause leakage and constrain
the gate fidelity.

scheme and should be of the order of 10™* [24]. Since the erasure measurement
could, in principle, be realized in parallel with the gate implementation, the erasure
measurement may not incur an additional cost in terms of fidelity. Therefore, the
blue solid line should coincide with the blue dashed line in Fig. 4.6(e).

The low transmon’s coherence will only limit the measurement fidelity to the level

160 ns
of 0

a real limitation as measurement fidelities are already limited to that level due

~ 0.5%, where 160ns is the parity measurement time, which is not

measurement errors.

The gate speed will be limited by the off-resonant error terms which will cause
leakage at the end of the gate. These transitions are shown in Fig. 4.12] As these

transitions are detuned by %, where wr is the transmon frequency and gpr is
. . 8

the dual-rail gap, the error terms are approximately (oreorTay

we target a fidelity of around 10~ the gate time should be of the order of 40 ns.

[68]]. Assuming

We numerically validate the analytical estimate of the parity check fidelity, as shown
in Fig. We employed a one-parameter pulse shape for the detuning modulation
envelope, given by cos(tw) (1 — (1 —sin (Z))™)", where T is an optimization pa-
rameter and we set m = 6. Using this configuration, a fidelity of 10~ was achieved.
By increasing the number of optimization parameters, both the fidelity and the pulse

time are expected to improve considerably.
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0 20 40 60 sol'melns]

Figure 4.13: Simulation of one half of a parity check, i.e., a state-dependent 27
rotation of the dual-rail qubit conditioned on the state of the coupler. The simulation
is done for a GHz detuning between the dual-rail qubit and the ancilla, coupling
of 270 MHz and the dual-rail coupling of 145 MHz. The figure shows oscillations

between | f) |(_) + i) (yellow) to | f) |(_) - I) (blue) and back, the final state acquires a
n phase with respect to the inital state.

4.D Details of numerical simulations

We present more details on how the simulations were performed. For a given circuit,
the state is initialized as the eigenstate of a chosen logical operator, and an error
is reported if the logical operator is decoded to the wrong value at the end of the
simulation E} Because we are interested in threshold values, we assume perfect
initialization and a noiseless final measurement. We run the simulation for 9d
noisy measurement rounds for d = 4,8, 12, 16, 20 to obtain p’ , and then report the
normalized error rate per 3d rounds calculated via p; = %(1 -(1-2p}) 13y ~ /3.
The logical error rate p; is calculated as the average over at least 1000 circuit
realizations (from a given pattern of erasure check detection events), where each

circuit realization is sampled 200 times.

The threshold surfaces in Fig. [4.6] are obtained by sweeping an error parameter
(usually p, but sometimes g or e for points where p = 0) in the neighborhood of
a suspected threshold point in the (e, p,q) phase space. The threshold value is
estimated by fitting the universal scaling ansatz for critical points of phase transi-

tions [[69, [70]]. That is, around the threshold, we assume the form

pL = ax®+bx +c (4.20)

3Because Floquet codes encode two logical qubits, the word error rate is four times the values
presented if we assume independent X and Z failure probabilities. The thresholds will remain the
same.
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for the scaled variable

x=(y-yHd", (4.21)

where p; is the logical error rate, y € {e, p, q} is the swept error variable, and

a,b,c,y*,a are fitting parameters; see Fig. for example calculations. In
Fig.}.15] we present additional cross sections of the threshold surfaces from Fig. 4.6

g=0.0059, e =0.0021 (ancilla)
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Figure 4.14: Rescaled data for the sample threshold calculations in Fig. 4.6 based
on Egs. (4.20) and @.21)), where y = p is the swept variable. (a) Sample calculation
for the ancilla scheme threshold, giving y* = 9.1x 107, @ = 0.97, and the quadratic
pr = 570y? + 7.9y + 0.034. (b) Sample calculation for the EM scheme threshold,
giving y* = 1.8 x 1073, @ = 0.99, and the quadratic p; = 210y + 4.2y + 0.042
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Threshold surface cross sections (EM)
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Figure 4.15: Cross sections of the threshold surfaces from Fig. {.6| for different
values of g (solid lines) for the (a) ancilla and (b) EM schemes. The dashed
lines correspond to the scheme with erasure checks and reset that do not introduce
additional errors, bounding the performance of any erasure scheme. The dashed-
dotted lines correspond to the standard scheme with no erasure checks and ideal
reset (which can also be interpreted as the code’s performance under leakage).
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Chapter 5

OPTIMIZING QUANTUM ERROR CORRECTION PROTOCOLS
WITH ERASURE QUBITS

Erasure qubits offer tangible benefits for quantum error correction (QEC) protocols.
However, there are additional costs associated with erasure checks, such as extra
noise and an increased runtime of the protocol. In this article, we focus on the surface
code and consider various erasure check schedules. For each schedule, we find the
correctable region in the phase space of error parameters and probe the subthreshold
scaling of the logical error rate with distance. Depending the erasure bias of the
noise, optimal performance is achieved with different frequencies of erasure checks.
Our results indicate that erasure qubits outperform standard schemes, even with

uncertain information about the precise location of erasure errors.

5.1 Introduction

Quantum error correction (QEC) with erasure qubits has been a promising avenue
toward reducing the overhead associated with fault-tolerant quantum computation.
Recently, various realizations of QEC with erasure qubits have been proposed,
including neutral atoms [1], trapped ions [2] and superconducting circuits [3H5],
with several promising experimental demonstrations [6H10]]. Erasure qubits can
offer improvements for arbitrary QEC codes. Recent works, however, have focused
on quantifying the benefits for topological codes, such as the surface code [11] or

the honeycomb code [[12]].

Compared to standard QEC protocols, using erasure qubits comes with costs. Quan-
tum circuits need to include additional elements—erasure checks and resets—that
are capable of diagnosing erasures and reinitializing erased qubits back to the com-
putational subspace. These operations take additional time during which noise can
accumulate on the device. From this perspective, one would prefer to implement
as few of them as possible. On the other hand, erasure checks provide valuable
information about the location of possible erasure errors. Therefore, one can expect
an optimal frequency of erasure checks that balances these two considerations. Pre-
vious works have assumed that erasure checks are performed after every entangling

operation without optimizing their frequency.
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In this work, we investigate how the frequency of erasure checks affects the perfor-
mance of QEC protocols. We focus on the surface code and its performance as a
quantum memory, using the framework for QEC with erasure qubits introduced in
Ref. [S)]. We consider performing erasure checks on every qubit according to three
schedules: after every entangling gate (4 EC), after every other entangling gate (2
EC), and once during each syndrome extraction round (1 EC). For each schedule, we
obtain the correctable region in the (e, p, ¢) phase space, where ¢, p, and g denote
the erasure, Pauli, and measurement error rates, respectively; see Fig. We also
propose an ansatz that describes the subthreshold scaling of the logical error rate
and compare the behaviors for the different erasure schemes. For experimentally
relevant values of the noise parameters, the schedule 2 EC leads to the lowest logical
error rates. Lastly, we propose a method to decode erasure circuits by approximately

converting them to stabilizer circuits, which may be of independent interest.

5.2 Preliminaries

We first review the formalism for describing QEC protocols with erasure qubits.
We also describe how erasure qubits may be realized with superconducting dual-rail
transmons and explain how the surface code may be implemented using erasure

qubits.

5.2.1 Erasure qubits

We use the formalism introduced in Ref. [5] to describe and simulate QEC protocols
with erasure qubits. Compared to standard qubits, two additional operations are used
when working with erasure qubits: erasure checks that measure if a qubit is erased,
and reset operations that reinitializes a qubit in the computational subspace. For our
purposes, a stabilizer circuit is one that consists of the following basic operations:
single-qubit state preparation in an eigenstate of a Pauli operator, single-qubit readout
in a Pauli basis, single-qubit Clifford gates, and two-qubit controlled-Pauli gates.
When a stabilizer circuit is implemented with erasure qubits and enhanced with the

two additional operations, we call it an erasure circuit.

To simulate erasure circuits, we associate noise sources with each operation. We do
this by adding erasure locations between every operation. Then, we append Pauli
noise P after every operation and include bit flip noise NV on classical outcome bits
(see Table [5.1)). We use e to denote erasure rates at erasure locations, p to denote
Pauli error rates, and g to denote classical bit-flip rates. The noise strengths may

vary depending on the operations around the error location. In a simplified model,
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| operation | ideal | simulated |
state | |y) — )
preparation

readout p W p

erasure
check with
reset
single-
qubit gate

entangling
gate

Table 5.1: Mapping of an ideal circuit to a simulated circuit. The error channel
P(p) is the single-qubit or two-qubit depolarizing channel with error rate p, and
N (q) is the binary symmetric channel (that flips the measurement outcome) with
error rate q.

we may consider Pauli channels to be depolarizing and e, p, and g to be constant

within the circuit.

At an erasure location, the qubit has a probability e of being taken to an erasure
subspace that is orthogonal to the computational subspace. Any computational
subspace measurement involving an erased qubit results in a randomized outcome.
When an erased qubit interacts with another qubit through an entangling gate, we
assume a fully depolarizing channel is applied to the other qubit. A reset operation
reinitializes an erased qubit as the maximally mixed state in the computational basis

while acting trivially on the computational subspace.

In our formalism, no coherences are created between the computational and erasure
subspaces. This allows us to efficiently sample from erasure circuits. We use one bit
of information per qubit to keep track of its erasure state and update it appropriately
at erasure locations and reset operations. For qubits in the computational subspace,
we use the Gottesman-Knill theorem [[13}14] to represent the state and simulate the

stabilizer circuit operations.
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5.2.2 Dual-rail qubits with superconducting transmons
A promising candidate to realize an erasure qubit in a superconducting platform is
the dual-rail qubit [319]. In the dual-rail encoding, the computational subspace is
spanned by basis states

[0y =101), [1)=]10). (5.1)

The dominant noise mechanism for superconducting qubits is amplitude damping
where the excited state |1) of one of the component transmons relaxes to the ground
state |0). Such an error takes the dual-rail qubit out of the computational subspace,
and the resulting orthogonal state |00) can be subsequently detected. The dual-rail
qubit also suppresses dephasing noise of the underlying transmons with its internal

coupling.

The dual-rail qubit is made up of two coupled resonant transmons. In the rotating

wave approximation, they are approximated by the Hamiltonian

Hy = Z (wajai - gai a; Cliai) +812 (a;faz + h-C-) ) (5.2)
i=1,2

where the indices i = 1, 2 label the two transmons and «;, al.T are the ladder operators.
The transmons’ frequency is w, their nonlinearity is 7, and they are coupled with
strength g1>. The amplitude damping channel describes the process by which an
excitation in the transmons escapes to the cold environment. It can be modeled
by the jump operators L; = 4/1/ Tl(i)ai, with i = 1,2 and Tl(i) denoting the energy
relaxation time of each transmon. Due to the unpredictability of the jump operator’s
timing during two-qubit gates and interaction terms not oriented along the Z or X
axes (being a flip-flop term XX + YY), qubits that interact with erased qubits can be

approximated as being fully depolarized.

Erasure checks on dual-rail qubits can be implemented as described in Ref. [3]]. See

Appendix [5.A]for a method of resetting erased qubits.

5.2.3 Surface code as quantum memory

The surface code is one of the most studied quantum error-correcting codes. As
a CSS stabilizer code, its codespace is defined as the +1 eigenspace of a set of
commuting Pauli X and Z operators associated with the faces of a square lattice;
see Fig. [5.1[a). To measure Pauli X and Z operators, we use extra ancilla qubits
and implement standard syndrome extraction circuits, as depicted in Fig. [5.1(b).

Importantly, the order of controlled-Pauli gates is chosen to minimize the error
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Figure 5.1: Erasure check schedules for the surface code. (a) The surface code. The
ancilla qubits (green dots) implement stabilizer checks on the adjacent data qubits
(black dots). Grey and white regions are associated with X and Z stabilizers, re-
spectively. (b) Syndrome extraction circuit for the surface code, where the locations
of possible erasure checks with reset are labeled by A, B, C, and D.

spread and to avoid hook errors. By repeating measurements of Pauli X and Z
operators, we can learn reliable information about the errors afflicting the system.
Consequently, we can find an appropriate recovery operator and protect the encoded

logical information from the detrimental errors.

Implementing the surface code with erasure qubits requires including erasure checks
and resets in the syndrome extraction circuit. A natural schedule for erasure checks
(1 EC) is to perform them on data qubits while ancillas are being measured (locations
D in Fig.[5.1(b)). Note that erasure information about the ancilla qubits will also be
learned during the readout process. If erasure checks with reset take similar time as
measurement and reinitialization of ancilla qubits, this schedule will not incur time

or noise penalty while providing information about erasures.

However, performing only one erasure check per qubit during each syndrome extrac-

tion round may provide too little information about erasures, annulling the possible
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benefits of erasure qubits. We therefore consider two additional schedules with more
erasure checks and resets. The 2 EC schedule has two erasure checks with reset
per syndrome extraction round placed at locations B and D in Fig.[5.1{(b), and the 4
EC schedule places erasure checks with reset at all four locations A, B, C, and D.
Note that performing two or more erasure checks with reset per syndrome extrac-
tion round will lengthen the syndrome extraction round compared to the standard

approach.

5.3 Solving the decoding problem

Running a QEC protocol with erasure circuits, either in experiment or simulation,
requires correcting the errors that occurred using the syndrome and erasure check
data. We explain how to convert experimental parameters into the error rates of
our framework. Then, we propose a variation of the decoding method for erasure

circuits in Ref. [S] that is suitable for schedules with infrequent erasure checks.

5.3.1 Converting physical parameters into QEC simulation parameters

In our formalism, we specify the noise parameters e, p, or g at every error location.
Although these may not be the parameters given in an experiment, it is usually
straightforward to convert the physically relevant parameters to the appropriate
error rates. The result is a circuit that fits into our framework and can be decoded

as a noisy erasure circuit.

For example, errors on a superconducting qubit mainly arise from two sources of
noise, amplitude damping and dephasing. These mechanisms cause errors roughly
according to an exponential distribution with characteristic rates 77 and T, respec-
tively. In the dual-rail qubit, amplitude damping of either component transmon is
converted to erasure errors, so after time ¢ < 77, the probability of erasure is approx-
imately e = 2¢/T). The probability of Pauli error is determined by the residual noise
mechanism, giving error rate p = t/T4. Crucially, T within the dual-rail subspace
is effectively extended compared to the dephasing rate of the component transmons
because the internal coupling behaves analogously to dynamical decoupling [3]]. In
practice, a Ty can be an order of magnitude longer than 77, giving a roughly 10x

erasure bias to the noise.

Suppose we are given the times needed to implement operations: state preparation
Tsp, readout Ty, gate application T, erasure check with reset Tgc+, reset Tg, and
idling T;. The gate time may depend on the gate that is being implemented, and the

idling time is how long a qubit needs to wait for other operations to finish. Then the
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erasure rate e 4p at the location between two operations A and B in the circuit can
be described by
eap = [f(A)Tx + f(B)TB]/Th (5.3)

for some function f. For simplicity, we can set f = 1 for all operations. This
corresponds to assuming that an erasure which occurs in the first half of the operation
is added to the previous erasure location, and one occurring in the second half
is added to the subsequent location. The Pauli error rate for an operation A €
{EC*,R,SP,G, I} is given by

pa=Ty/Ty. (5.4)

Note that no Pauli errors follow readout operations. Although the measurement
error rate ¢ depends on the specific implementation, including the time 7gc- and

Ty, it can be specified separately.

Because there are many physical parameters, it is impractical to probe the full phase
space. Instead, we consider noise parameters in the (e, p, g) phase space in our
simulations, which correspond to physical parameters with certain relations. Most
of our simulations assume the error rates e, p, and g to be constant within the circuit.
This may be obtained by setting all operation times equal. Sometimes, we consider
an optimistic scenario where performing erasure checks with reset does not induce
more noise in the system. This scenario occurs when erasure checks with reset can
be implemented very quickly, i.e., taking Tgc+ = 0. Lastly, upper bounds on the
performance of QEC schemes without using erasure information are obtained by
replacing EC* operations with R operations that take no time, 7 = 0. In the last

two scenarios, we assume other operations take equal time to perform.

The numerical results obtained using the parameters (e, p, ¢) may also be used to
estimate the performance of protocols where the operation times are not all equal.
As an approximation, e and p in our simulations should be chosen so that the total
marginal error rates on qubits in a syndrome extraction round matches those of the
desired protocol. The k EC schedule in our simulations (k € {1, 2,4}) contains 4+k
erasure and Pauli error locations per data or ancilla qubit per syndrome extraction
round. If a physical syndrome extraction round takes time ¢, the erasure probability
per qubit is 2¢/T; and the Pauli error probability is #/T. Therefore, the performance

would be similar to that of our simulations with e = Mfﬁ and p = m.
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5.3.2 Approximate solutions to the decoding problem

Erasure circuits can be decoded in three steps. First, we use the erasure check
outcomes to map the erasure circuit to a stabilizer circuit with independent error
mechanisms which are binary random variables. This allows us to decode using
standard techniques for stabilizer circuits. In particular, we obtain a decoding
hypergraph with error mechanisms as edges and checks as vertices. In the second
step, we approximate the hypergraph as a graph by decomposing the hyperedges
into edges, i.e., approximating error mechanism with ones that cause at most two
violated checks. Lastly, we use minimum-weight perfect matching on the graph to

find a likely error causing the syndrome.

Ref. [5] described a method to do the first step exactly. Although the number of
error mechanisms added in the conversion process is proportional to the size of the
circuit if resets occur at constant time intervals, that constant is exponential in the
length of those intervals. For example, with four entangling gates between reset
operations, the 1 EC schedule would introduce 1023 different error mechanisms per

reset, making decoding impractical.

Here, we introduce a way to approximately convert erasure circuits to stabilizer
circuits that results in fewer added error mechanisms. The idea is that the large
number of error mechanisms is due to erasures causing correlated depolarization
at many spacetime locations. Instead, we can approximate the converted stabilizer
circuit by one with independent single-qubit depolarizing errors, but still maintaining
the marginal probability of error at each spacetime location. The number of error
mechanisms added to the resulting decoding hypergraph is only linear in the number

of gates between reset operations.

We proceed as follows on an erasure circuit Cg. Consider a segment s of a qubit g,
which is defined to be the worldline of ¢ between two consecutive reset operations
(see Fig.[5.2(a)). We will remove the erasure locations, erasure checks, and reset
operations in s and add appropriate single-qubit depolarizing channels to approxi-
mate the effects of erasures in s. Doing this for all segments, we convert Cg to a

stabilizer circuit C.

Fori € {1,...,r}, let G; be the i-th entangling gate in s and ¥; be the spacetime
location placed after G; on the other qubit. For convenience, let G, denote the
second reset operation in s and %41 be the location at ¢ after the second reset. (See
Fig. [5.2(b) for an illustration.) If g was erased before G;, the operation G; will

result in full depolarization at spacetime location ¥;. Let a; be the probability of
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Figure 5.2: Approximate conversion of an erasure circuit to a stabilizer circuit. (a)
A segment s of the qubit ¢ in an erasure circuit Cg. (b) The corresponding portion
of the converted stabilizer circuit C. Depolarizing channels are placed at spacetime
locations ¥; according to Algorithm 5.1

this event, conditioned on the erasure check outcomes. The distribution of errors
introduced by erasures in s is approximated by independently sampling events
with probabilities ay, . . . a,+1 and placing fully depolarizing channels at spacetime
location 5 if the event with probability a; is sampled. In other words, single-qubit
depolarizing channels of error probability 3a;/4 are placed at locations ¥;. Note
that each of these depolarizing channels is equivalent to three independent error

mechanisms which apply each of the nontrivial Pauli operators with probability
1 (1-vT=a) [13].

The approximate conversion of an erasure circuit to a stabilizer circuit with inde-
pendent error mechanisms is summarized in Algorithm See Appendix for
example highlighting the difference between this method and the exact conversion
of Ref. [3].

We remark that it is not straightforward to compare decoding using the exact conver-
sion of Ref. [S]] with using the approximate method in this section. This is because
although the first step is more accurate using exact conversion, the resulting hyper-
edges of the decoding hypergraph may be decomposed less optimally in step two of
the procedure. In fact, we find that the approximate conversion actually performs
better when using a generic hyperedge decomposition algorithm; see Fig. and

the related discussion in Sec.[5.4]

5.4 Results of numerical simulations

In this section, we describe the results of our numerical simulations of the surface
code with erasure qubits. The simulations are performed by sampling using the
method outlined in Sec. [5.2.1] Sampling is done using Stim [16]. Then, based
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Algorithm 5.1 Approximate conversion of an erasure circuit to a stabilizer circuit
with independent error mechanisms

Input:

erasure circuit Cg, erasure check outcomes d

Output:

stabilizer circuit C, error mechanisms {(P; ;, p;)}

1: S « {segments in Cg}
: for each s € S do
{G;} < entangling gates in s
{Fi} « spacetime locations associated with s
for each i do .
)

2

3

4

5

6: a; « Pr (q erased before G;

7

8 for each nontrivial Pauli error P; ; at #; do
9

pi L (1-\T=a)

: include error mechanism (P; ;, p;)
10: end for each
11: end for each
12: end for each
13: C « Cg with deleted erasure checks and reset
14: return C, {(P; , pi)}

on the erasure detection events, we use the method in Sec. [5.3.2] to convert the
erasure circuit to a stabilizer circuit for decoding. We also use Stim to obtain a
decoding hypergraph from the converted stabilizer circuit and further decompose
the hyperedges by approximating them as independent edges. The resulting graph
is decoded by minimum-weight perfect matching using PyMatching [17]. In our
simulations, we initialize an eigenstate of a logical operator, and an error is reported
if after decoding, its value measured at the end of the circuit is different. Running
the experiment many times for a distance d code gives us the logical error rate

per d syndrome extraction rounds, denoted py. For more simulation details, see
Appendix [5.C]

5.4.1 Probing the threshold surface
In Fig. we plot the threshold surface in the (e, p, ¢) phase space for the different
erasure check schedules. The surfaces bound the correctable regions where logical

error rates are exponentially suppressed with increasing system size.

Fig. shows cross sections of the threshold surfaces in the (e, p) plane when
q = 0.5%, with the different curves representing different erasure check schedules:

1 EC, 2 EC, and 4 EC. As we increase the frequency of erasure checks, the e
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Figure 5.3: The threshold surfaces in the (e, p, ¢) phase space for the (a) 4 EC, (b)
2 EC, and (c¢) 1 EC schedules.

threshold increases because we have more information about erasures, while the
p threshold decreases because there are more sources of noise. We also plot the
threshold curve (dashed line) for a scenario where the erasure checks with reset do
not induce extra noise. This optimistic situation could arise if erasure checks are
instantaneous or performed at the same time as entangling gates. The dashed-dotted
line is an upper bound for standard QEC schemes that do not perform erasure checks.
Here, we assume that leaked qubits are periodically reset but that the resets do not
cause noise in the system. The data indicates that the correctable region for erasure
protocols is larger than for any standard scheme, and there is a significant regime
of high erasure bias that is only correctable with erasure schemes. Similar plots are
obtained for g = 0 and ¢ = 1%; see Fig.[5.10/in Appendix [5.C]

5.4.2 Subthreshold performance
Next, we explore the scaling of the logical error rate below the threshold. Knowing
the functional form p; would allow us to estimate the distance needed to achieve any

given logical error rate for a set of physical parameters (e, p, g). For low physical
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Figure 5.4: Cross sections of the threshold surfaces in the (e, p) plane for the
different erasure check schedules when ¢ = 0.5%. The shaded regions indicate
parameter regimes where only one schedule is below threshold. The dashed line
corresponds to an optimistic scenario where erasure checks and resets do not cause
additional errors. The dashed-dotted line is obtained from a scheme with noiseless
reset operations but no erasure checks, giving an upper bound for standard schemes.

error rates, the probability of logical failure is dominated by the most likely error
configurations [18]. In the phenomenological setting, a heuristic for the logical error
rate under Pauli noise is p; o« (p/ p*)w/ 21 where p* is the Pauli noise threshold.
Similarly, pure erasure noise would give the scaling p; o (e/ e*)4, where ¢* is the

erasure threshold.

In our setting, we wish to determine the logical error rate for any point (e, p, g) in
the correctable region bounded by the threshold surface. We propose an ansatz of
the following form. Let x be a single parameter characterizing a line ¢ through the
origin (e, p, q) = (t.x,1,x,1,x) for constants ., 1,,t, (see Fig. a)). The line ¢
describes different physical error rates of a given noise bias. Along ¢, we expect the

logical error rate to scale as
X ad
pr=a(Z)" (5.5)
X

where x* is the threshold value of x, corresponding its value at the intersection of
¢ with the threshold surface. The quantities a, a are fitting parameters that depend
on the line. The parameter a is the logical error rate at the threshold, which we

find to be roughly constant for all lines ¢ and erasure check schedules. Importantly,
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a characterizes the effective distance of the scheme, interpolating between 1/2 for

pure Pauli noise and 1 for erasure noise in the phenomenological setting.

To test how well Eq. (5.5) describes the subthreshold logical error rate scaling, we
plot p;, against d for different values of x along a line ¢ (Fig. [5.5(b)). The solid
lines, indicating the expected logical error rates from the ansatz by fitting a and «,
do approximate the data closely. Values of « for different noise biases are reported
in the table Fig. [5.5(c). We see that « is close to 1/2 for low erasure bias, as
expected for unknown Pauli noise, and increases with the erasure bias. In the 4 EC
scheme, a single erasure error cannot spread to Pauli errors on more than one data
qubit, so in « is close to 1 for high erasure bias. In contrast, « is lower for the less
frequent erasure check schedules which allow more spread of erasure errors. The
plots showing how well the ansatz describes the data used to obtain the a values in
the table are presented in Fig. [5.1Tof Appendix[5.C]

Threshold surface (2 EC) 2EC, (e,p.q) = (x, x/10, x)
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Figure 5.5: The subthreshold scaling of the logical error rate according to the ansatz
of Eq. (5.5). (a) We test logical error rates along the orange line ¢ in the (e, p, q)
phase space. The orange dot is its intersection with the threshold surface, giving the
threshold value x*. (b) The logical error rates with increasing distance for various
values of x along ¢, shown in the different colors. The fitting lines are obtained
using the ansatz p; = a (x/x*)® with a, @ chosen optimally. (c) Values of a for
various noise biases in the different erasure check schedules.

In Fig.[5.6] we compare the subthreshold scaling of p; with distance for the different
erasure check schedules. We choose three sets of error parameters, each below

threshold for all three erasure check schedules, that illustrate when each schedule
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should be used. For noise with very large erasure bias, Fig. [5.6(a) illustrates that
using four erasure checks per round suppresses logical error rates the best. When
the noise is biased toward Pauli errors, erasure checks are less useful, so the 1 EC
schedule with the free erasure check is optimal (Fig.[5.6(b)). For a realistic scenario

with a 10X erasure bias (and measurement errors), 2 EC gives the best scaling

(Fig.5.6(c)).

Subthreshold scaling, g=0,e=0.008, p=0 Subthreshold scaling, g=0,e=0, p=0.003
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Figure 5.6: Scaling of the logical error rate with the distance for noise parameters
below the threshold. (a) For pure erasure noise, the 4 EC schedule performs the
best. (b) When there is only Pauli noise, erasure checks cause unnecessary noise,
so the 1 EC schedule is optimal. (c) For erasure biased noise with e = g = 10p, the
2 EC schedule has the best subthreshold scaling.

5.4.3 Comparison of decoding methods

In Fig. we highlight the difference in performance between the two decoding
methods. We consider the approach of Ref. [5] by exactly converting the erasure
circuit to a stabilizer circuit, decomposing hyperedges of the resulting decoding
graph, and using minimum-weight perfect matching to eliminate the syndromes.
Alternatively, the first step of the procedure is replaced with the approximate con-
version described in Sec.[5.3.2] We see that the latter method performs just as well

or even better than the former. The improved performance is likely due to the second
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step of the decoding procedure. The large correlated errors obtained from the exact
circuit conversion (see Appendix for an example) result in bigger hyperedges
that are suboptimally decomposed into edges. Thus, the inaccuracies in step two
of the first decoding scheme outweighs the inexactness of the circuit conversion in
the second scheme. Because sparser resets result in larger correlations, this also
explains the more pronounced performance gap in the 2 EC schedule. Although the
inefficiency of the first method prevents us from performing a similar comparison
for the 1 EC schedule, the results for the 4 EC and 2 EC schedules demonstrate the

effectiveness of the approximate circuit conversion method.

Decoding comparisen (4 EC) Decoding comparison (2 EC)
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Figure 5.7: Comparison of decoding methods for the (a) 4 EC and (b) 2 EC schedules.
The solid lines are obtained using approximate conversion of the erasure circuit to
a stabilizer circuit, while the dashed lines are using the exact method. The logical
error rates are plotted for different values of x along the line (e, p, ¢) = (x,x/10, x).

5.5 Discussion

In our work, we studied the performance of the surface code with erasure qubits. In
particular, we probed the threshold surfaces for different erasure check schedules and
analyzed their subthreshold behavior. Comparing the different schemes, we identi-
fied the parameter regimes in which it is optimal to use each erasure check schedule.
Notably, even with less precise erasure information from infrequent erasure checks,

the surface code with erasure qubits outperforms the standard scheme.

We expect other QEC protocols to similarly benefit from erasure qubits. Future study
could explore other codes, such as low-density parity-check codes, or protocols for
implementing logical operations. It would be interesting to see if the improvement
from erasure qubits is uniform or if certain protocols particularly benefit from erasure

information.
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The decoding problem is another avenue to be further studied. Although our work
and Ref. [3]] provide ways to decode general erasure circuits by converting them
to stabilizer circuits, the loss in performance due to the approximations is unclear.
Decoders that directly work with erasure circuits, perhaps for specific codes, may

have more rigorous performance guarantees.

On the practical side, further optimizations are possible for specific architectures.
One may study the erasure schemes using physically relevant noise parameters such
as gate times, as discussed in Sec.[5.3.1] For a hardware platform of interest, the
relevant erasure spreading mechanisms and reset operations should be considered.
For example, erased qubits may only dephase instead of depolarize qubits they
interact with, and reset operations may be performed conditional on erasure check
outcomes. Codes can then be designed to take advantageous of these specific

realistic scenarios, further increasing the benefits of erasure qubits.

5.A Reset operation in dual-rail qubits

One straightforward method to restore a dual-rail qubit from the erased state to the
computational subspace is by using an XY drive. This drive transitions the qubit
from the |00) state to a particular state within the computational subspace, such as
|01). As the XY drive is a unitary operation limited to the transmon subspace, it
will inevitably transform a computational state to the erased state |00). As a result,
this process should only be performed conditioned on the erasure check outcomes.
Furthermore, false-positive detections may lead to additional erasures through this

process.

Alternatively, a dual-rail qubit can be pulsed back to the computational subspace
independently of its erasure state. By removing the uncertainty in its decay status
to a different degree of freedom, such as the readout resonator, a single pulse can
correct an erased qubit without affecting an unerased one. We refer to such pulse
as a one-way pulse. Similar pulses were used for conditional reset and leakage
reduction [19-22]].

Labeling the total state as |dual-rail) ® |resonator), we will implement a pulse that
transforms |00) ® |0) — (|()> + |I>) ® |1) without disturbing the logical subspace.
One way to achieve this is to use a high-frequency parametric drive. If the read-
out resonator is coupled symmetrically to the dual-rail qubit [3], the combined

Hamiltonian is
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H = Hy + 6 cos (wgt) Z al.Ta,- +WROT'T + RO (rT + r) (a;f + ai) ,
i=1,2

where r, rT are the ladder operators of the readout resonator, wgo is its frequency,
and gro 1is its coupling to the transmons. The frequency of both transmons are

modulated with amplitude ¢ and frequency wy.

When wy ~ wpg +wro + 12, the transition [00) ® [0) - (|0) +|1)) ® |1) becomes
resonant, with the Rabi frequency gro6/V2w,. The next closest resonance is the
transitions from (|(_)> - |i>) ® |0) to the state |B;) ® |1), where |B,) is the highest
excited state in the double excitation subspace of the dual-rail transmons. The

transition frequency between the two states is protected by the shift

_ 2 402
LT n 2 T8

assuming 1 > g12.

5.B Example of circuit conversion for decoding

We present an explicit example of the conversion of an erasure circuit to a stabilizer
circuit, highlighting the difference between the exact conversion of Ref. [S]] and that
the approximate conversion of Sec.[5.3.2] Consider a segment of an erasure circuit
with three erasure locations and two entangling gates, as in Fig.[5.8[a). Assume that
each erasure location has erasure rate e and the erasure checks have false positive

and negative detection rates g. The erasure check outcomes have probabilities

Pr(EC=1)=[1-(1-¢)’1(1-¢q) + (1 -e)’q, (5.7)
Pr(EC=0)=1-Pr(EC=1). (5.8)

If a positive detection occurs, the posterior probability of the erasure happening

before gate G; is .
S _(-(-e)(-g)
: Pr(EC = 1)

for i € {1,2,3} (counting G3 as the second reset operation). If EC = 0, the

(5.9)

probability is .
oo (L=(-0)g

Pr(EC = 0)
Thus, in the approximate scheme, we place depolarizing channels with error proba-
bility 3a;/4 at each location ¥; in the circuit in Fig. [5.8[(b). Equivalently, we place
Pauli X, Y, and Z error channels with strength p; = 1 (1 — VI — &;) at each location.

(5.10)
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Figure 5.8: An example of exactly or approximately converting an erasure circuit
to a stabilizer circuit. (a) A segment of an erasure circuit with two entangling gates
and three erasure locations. (b) A converted stabilizer circuit. Locations 71, %>, 3
are replaced with correlated depolarizing channels to obtain an equivalent stabilizer
circuit or uncorrelated depolarizing channels in the approximate conversion scheme.

In contrast, exact conversion requires capturing the correlated errors induced by
erasures. If an erasure occurs at location &;, it would result in depolarizing at
locations F; for all j > i. In particular, the possibility of erasure at & requires us to
insert correlated depolarizing channels at locations 7, 5, 3 with some probability.
Decomposing this error into binary random variables requires introducing 63 error
mechanisms, which correspond to the nontrivial Pauli strings of length three. For

more details, see Ref. [5].

5.C Numerical simulation details
In this appendix, we provide some more details on our numerical simulations and

present several supplementary plots.

In our simulations, we initialize a noiseless codestate of a distance-d surface code
which is the eigenstate of a chosen logical operator. Then, we run 3d rounds of the
noisy syndrome extraction circuit. Finally, we perform an ideal measurement of the
logical operator. A logical error is reported if the final decoded value of the logical

operator is different than when initialized.

In the sampling process, we first sample the erasure errors and erasure detection
events. For each erasure sample, we then sample the Pauli errors in the circuit. The
reason for doing the sampling in two stages is that each erasure sample corresponds
to a different Stim circuit. As the overhead of initializing a Stim circuit is significant
compared to sampling from the circuit and decoding, it is efficient to sample from

the same Stim circuit multiple times. The logical error rate p’ is the total fraction of
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errors obtained over at least 1000 erasure samples and 200 samples of Pauli errors
per corresponding circuit. We then report the normalized logical error rate per d

syndrome extraction rounds, calculated as p; = %(1 —(1- 2p’L)1/ 3~ p;/3.

Threshold points are calculated by sweeping a single error parameters y € {e, p, q}
near the suspected point in (e, p, g) phase space for various code distances d. We

fit the universal scaling ansatz for critical points of phase transitions to the data,
pL:ax2+bx+c, (5.11)

where
x=(y—-y")d®. (5.12)

Here, a, b, c, y*, a are fitting parameters, and y* is the estimated threshold. For an

example calculation, see Fig.[5.9
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Figure 5.9: Sample calculation of a threshold point. (a) We test values of p near a
suspected threshold point for fixed e and ¢g. (b) Rescaled data using the universal
ansatz in Eq.[5.11], giving a threshold of p = 0.00294.

Fig.[5.10]shows cross sections of the threshold surfaces of the different erasure check

schedules for ¢ = 0 and g = 1%.

Fig.[5.11]shows the fit of the Eq. (5.5) ansatz for the subthreshold logical error rate.
The data presented are the ones used to obtain the @ values in Fig. [5.5]c).
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The dashed-dotted line is obtained from
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