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Efficient and high-performance quantum error correction is essential for achieving fault-tolerant quan-
tum computing. Low-depth random circuits offer a promising approach to identifying effective and
practical encoding strategies. In this work, we rigorously prove through information-theoretic analysis
that one-dimensional logarithmic-depth random Clifford encoding circuits can achieve high quantum
error correction performance. We demonstrate that these random codes typically exhibit good approxi-
mate quantum error correction capability by proving that their encoding rate achieves the hashing bound
for Pauli noise and the channel capacity for erasure errors. We show that the error correction inaccuracy
decays once a threshold of logarithmic depth is exceeded, resulting in negligible recovery errors. This
threshold is shown to be lower than that of the simple separate block encoding, and the decay rate is
higher. We further establish that these codes are optimal by proving that logarithmic depth is necessary
to maintain a constant encoding rate and high error correction performance. To prove our results, we
propose decoupling theorems tailored for one-dimensional low-depth circuits. These results also imply
strong decoupling and rapid thermalization properties in low-depth random circuits and have potential

applications in quantum information science and physics.
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I. INTRODUCTION

Quantum error correction [1-7] is crucial for protecting
quantum computers from noise, so as to enable universal
fault-tolerant quantum computing [8—13], and ultimately
realize scalable quantum speedups. Significant experimen-
tal and theoretical progress has been made to reduce
resource requirements and enhance the performance of
quantum error correction. In experiments, surface codes on
a two-dimensional system have shown remarkable success
in preserving logical information over extended timescales
[6,7]. Nonetheless, the surface code has a fundamental
drawback of a low encoding rate. The overhead of phys-
ical qubits to make one logical qubit is large for near-term
devices [14].

Recent research on quantum low-density parity-check
(qLDPC) codes [11,14-18] establishes constant-rate
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encoding with robust error-correcting capability. Nonethe-
less, due to the requirement of substantial long-range
connectivity, the realization of high-performance qLDPC
codes needs all-to-all circuit architectures or prohibitively
large circuit depth in low-dimensional systems, which
makes practical implementation challenging. Finding
encoding schemes with low overhead and minimal device
requirements is crucial for achieving practical quantum
error correction in near-term quantum devices. This leads
to the central question that underlies this work: What
circuit architecture and depth can achieve good quan-
tum error correction performance? Ideally, we desire
simple circuit geometry and low-depth implementation.
Understanding this would be crucial for both the the-
ory and experimental implementation of quantum error
correction.

Random quantum circuits offer a promising approach
to evaluating the typical performance of various encoding
circuits and identifying practical encoding schemes [13,
19-23]. Here, we conduct the analysis using the approx-
imate quantum error correction (AQEC) [24-27] frame-
work, which enables rigorous quantitative analysis for the
average behaviors of random circuit ensembles and facil-
itates analyzing the logical error and channel capacity
of generic noise models [26,28]. Under suitable condi-
tions, AQEC ensures negligible recovery errors between
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the initial logical state and the state after decoding, which
guarantees feasibility for practical applications and allows
more flexible design of codes with various advantages
[24,29]. Moreover, it provides insights into the role of sym-
metry in quantum information [22] and deepens our under-
standing of quantum complexity and order in many-body
quantum systems [30].

To address the motivating question, we investigate the
AQEC behaviors of random circuit encodings with locality
constrained by a one-dimensional (1D) geometry. Previ-
ous studies numerically found the 1D O(log n)-depth local
random circuits with a brickwork structure can approxi-
mately correct a linear number of random erasure errors
while preserving a constant encoding rate [21]. Further
numerical results show that such circuits can approach the
hashing bound for local Pauli noise [23], matching the
performance of random stabilizer codes [28]. A simple
block-encoding argument provides intuition for the robust-
ness against local noise: the n-qubit system is divided into
O(n/ log n) blocks, each encoding 2 (log n) qubits as a ran-
dom stabilizer code. This structure corrects noise within
individual blocks, making it effective against local noise.

Despite certain numerical evidence and intuition, a rig-
orous understanding of the encoding properties under
general noises has been elusive. Intuitively, 1D random
circuits with interconnections between blocks can poten-
tially further enhance the error correction capability due
to a stronger scrambling power. A comprehensive analysis
would be important, but it poses significant mathematical
challenges.

In this work, we present the construction of random
codes implemented in 1D and logarithmic-depth circuits,
along with information-theoretically rigorous proofs of
their powerful AQEC performance. We specifically ana-
lyze two types of 1D random circuit architectures: the stan-
dard 1D local random circuit with a brickwork structure
[31,32] and the double-layer blocked circuit composed of
two layers of blocked gates [33,34]. We will refer to these
as the 1D brickwork circuit and the double-layer blocked
circuit, respectively. Compared to the separate block model
discussed before, there exist connections between blocks
in these two models. There have been extensive prior
studies on the approximate unitary design generation prop-
erties of such circuits [31-34]. Here we aim to examine
their application as encoding schemes, which is morally
relevant to design generation but essentially a different
problem (as will be further explained later). For example,
the 1D brickwork circuit is known to form an approximate
2-design at O(n) depth, and the double-layer blocked cir-
cuit achieves this at O(logn) depth. However, this finding
alone does not guarantee a good encoding scheme at the
same depth. To protect logical information with a constant
encoding rate, the size of the logical space is exponen-
tial in n, which requires an exponentially small error in
the approximate design. Since the approximate 2-design

error at O(log n) depth is only polynomially small [33,34],
our proofs for the performance of these encoding cir-
cuits require new technical work. By demonstrating their
effectiveness in decoupling and error correction tasks, our
research complements the common study from a design
perspective [33,34].

We show that at a logarithmic depth, two encod-
ing schemes can tolerate constant-rate stochastic noises,
including local Pauli, erasure, amplitude damping noises,
and weak-correlated noises, and maintain a constant
encoding rate. For the double-layer blocked circuit, we
prove that they can tolerate a higher encoding rate for
local noises at w(logn) depth. For instance, they toler-
ate strength-p local Pauli noise with an encoding rate k/n,
provided that 1 — k/n — h(p) > 0. This achieves the well-
known hashing bound of the channel capacity for local
Pauli noise [28,35,36]. For independently and identically
distributed (i.i.d.) erasure errors with error rate p, the
encoding rate can achieve the quantum channel capacity
1—2p.

Beyond the achievable encoding rate, we show that the
recovery error of the two encoding schemes decays expo-
nentially with the depth of encoding circuits. The proof
is based on transforming the recovery error after noise
and decoding into a decoupling problem, and we estab-
lish decoupling theorems for two types of 1D low-depth
circuits. Particularly, we show that the error polynomially
decays for O(logn)-depth circuits at a constant encod-
ing rate and vanishes for w(logn)-depth circuits at a
higher encoding rate. Compared to a previous result that
O(log® n)-depth all-to-all Clifford circuits establish decou-
pling against a linear-size adversarial error [20,37], our
work focuses on decoupling against constant-rate stochas-
tic noise. This relaxation is more practically relevant, and
we show that 1D O(logn)-depth circuits generally suf-
fice for decoupling in this case. Moreover, we compare
the performance between the double-layer blocked scheme
and the intuitive separate block approach. We find that
for certain noise and encoding rate regimes, the double-
layer blocked scheme requires a lower depth to make the
recovery error decay. Also, the decay rate associated with
the double-layer blocked scheme is better than the sep-
arate block approach. This advantage also holds for 1D
brickwork circuits.

Furthermore, we establish lower bounds on the cir-
cuit depth required to achieve high AQEC performance.
Specifically, for a D-dimensional circuit, we prove that
the recovery error decays polynomially or that a constant
encoding rate is achieved, the circuit depth must be at least
Q [(logn)'/P]. Therefore, our encoding schemes are opti-
mal since they attain the 1D lower bound €2 (logr). This
lower bound also generalizes existing results for the cir-
cuit depth required to achieve a high code distance or for
other quantum error correction and fault-tolerant quantum
computing metrics [30,38].
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Beyond the crucial role in quantum computing and
quantum error correction, our results on low-depth ran-
dom circuits are expected to find applications in quan-
tum many-body physics. The decoupling property and the
robustness of random circuits against errors relate to their
capacity to scramble information and generate entangle-
ment [20,37,39]. Haar-random unitary and random Clifford
operations exhibit strong scrambling power and naturally
have good quantum error correction performance. For
instance, random stabilizer codes [19] achieve the well-
known Singleton bound, n — k — 2(d — 1) > 0 [40], with
a constant encoding rate k/n and a linear code distance d =
®(n). However, Haar-random operations require circuit
depth exponential in the number of qubits for implementa-
tion. Emulating the utility of Haar-random unitaries using
low-dimensional, low-depth random circuits is essential
for many practical applications like random circuit sam-
pling [41—46], quantum device benchmarking [47—53], and
quantum gravity [54-56]. Our results also imply that sub-
systems of 1D low-depth random circuit states rapidly
thermalize, providing a powerful tool for investigating
quantum many-body dynamics [57-59].

The paper is organized as follows: In Sec. II, we intro-
duce the low-depth random circuit models and summarize
our main results. We also outline the theoretical approach
to analyze the AQEC performance. In Sec. III, we intro-
duce the preliminaries for this work. In Secs. [V and V, we
elaborate on the main results about the AQEC performance
of random codes, as well as the lower bounds for the circuit
depth required for AQEC. Finally, in Sec. VI, we conclude
with a discussion of our results and implications for future
research.

II. CIRCUIT MODELS AND SUMMARY OF
RESULTS

In this work, we consider randomized code construc-
tions, where the encoding operation of a code is randomly
drawn from a circuit ensemble. As mentioned earlier, we
mainly analyze two types of 1D random circuit ensem-
bles and prove their decoupling properties and AQEC
performance at a logarithmic depth.

The 1D brickwork circuit represents a relatively stan-
dard circuit architecture. We consider the case with the
periodic boundary condition, and let g be the local dimen-
sion. The open boundary condition is similar. Without loss
of generality, here we consider the total number of qudits
n to be even. For an n-qudit random unitary operation U
composed of s two-qudit gates, {UD, U?, ... UY}, with
U® randomly sampled from the unitary group of dimen-
sion ¢*> with support A9 C [n] ={1,2,...,n}, U has an
expression

U=uush - U (1)

AG) ~ 4

For the task of decoupling, each gate U? can be sam-
pled from a unitary 2-design group, like the Clifford group,
instead of the whole unitary group.

The 1D depth-d brickwork circuit is composed of alter-
nating layers of two-qudit gates in a staggered arrange-
ment, with the formal definition shown below:

d
u=J]u", )
=1
where
Mo eOnh
X UEZi—l,Zi} , ifmod(/,2) =1,

Ul = 7/5 I=)n/2+i )
@ U™, ifmod(7,2) = 0.

Here, U is the unitary gate on layer /. The qudit index
n+ 1 is identified with 1 to match the periodic bound-
ary condition. In our work, we set depth d = log(n/e) +
log n/log((¢? + 1)/24) + log(e — 1)/log((¢> + 1/2q) + 1.
The local dimension ¢ is a prefixed constant, and the depth
is specified by the parameter . We denote this 1D brick-
work circuit ensemble by B¢. When the number of qubits
and circuit depth are not of primary concern, we sim-
ply refer to this architecture as B. A diagram of a 1D
brickwork circuit is shown in Fig. 1(a). This brickwork
structure is particularly well suited for experimental imple-
mentation, as it can be realized by applying gates between
nearest-neighbor qudits without complex gate compilation.
Furthermore, this circuit is an excellent candidate for gen-
erating randomness and entanglement. After a depth of d,
the information initially contained in any single qudit is
scrambled across 2d qudits.

In this work, we will use circuit U as the encoding map
which encodes 2*-dimension logical space into 2" physical
space. To use this circuit for encoding, we set the local
dimension of each qudit to ¢ = 2"/¥, where a single qubit
of information is encoded per qudit. By selecting n/k as
a constant, the local dimension g also remains constant.
This configuration yields a constant encoding rate of k/n.
The total number of qudits is correspondingly changed to
k, which is equivalent to n qubits.

The diagram of the double-layer blocked circuit is
shown in Fig. 1(b). This circuit has a two-layer structure,
with each layer consisting of blocks of random gates sam-
pled from a unitary 2-design group, where each block has
size £ and depth d = O(&) [33]. In the first layer, qubits
are partitioned into blocks, and random gates are applied
within each block to generate entanglement. The second
layer then applies random gates between these blocks,
thereby creating interblock connections. Similar to the 1D
brickwork circuit, this double-layer blocked circuit scram-
bles the information of a single qubit across a number of
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Layer 1 Layer 2

5{ - }Region 1

g{ ; }Region 2
. ¢ { 3 }Region 3
s logical qubits > 5{ E }Region 4

n * F ¢ ancillary qubits 5
= } Resion
= FEe

Depth d 0() o()

FIG. 1. (a) Diagram of the 1D brickwork circuit. The circuit is constructed by brickwise two-qudit gates. The total qudit number
is k, and the circuit depth is d. When using this circuit for encoding, we set the local dimension as ¢ = 2"/% while only one qubit of
information is encoded in one qudit. In our work, n/k is chosen as a constant, so ¢ is a constant. The encoding rate maintains k/n in
this scheme, and the total physical qubit number is #. Note that our results apply to arbitrary local dimensions, including 1D brickwork
circuits composed of two-qubit gates acting on n qubits, where each qubit encodes logical information with probability k/n. The Choi
error still decays polynomially, though with a different scaling. Further discussions are provided in Appendix C 3. (b) Diagram of the
1D double-layer blocked circuit. Two layers of blocked unitary gates construct the circuit. The term U’é’+1 is a random gate from a
unitary 2-design ensemble on regions i and i + 1. The circuit is divided into 2N regions, with each region having & = n/2N qubits.
When using this circuit for encoding, the logical qubits and ancillary qubits are evenly distributed across each region. Each region

contains (k/n)& logical qubits and ((n — k)/n)& ancillary qubits.

qubits that is proportional to the circuit’s depth. Theoreti-
cally, the double-layer blocked structure is simpler than the
1D brickwork circuit, which facilitates further theoretical
analysis.

Specifically, in the double-layer blocked circuit, the n
qubits are divided into 2N regions, with each region con-
taining £ = n/2N qubits. In the first layer, unitaries UZCH’%
are applied in parallel on regions 2i — 1 and 2i for 1 <i <
N. In the second layer, unitaries U2Ci,2i+l are applied in par-
allel on regions 2i and 2i + 1 for 1 <i < N. The entire
encoding unitary circuit can be written as

u="U,-U, “4)

where
U, = ® Uzcﬂ,zz’ U, = ® U2C1,21+1. (5)
i=1 i=1

The unitaries U’gH are sampled from a unitary 2-design
ensemble. In this work, we take it to be the Clifford group.
Since a &£-qubit Clifford gate can be realized in depth O(§)
with basic CNOT, Hadamard, and phase gates in 1D circuits
[60,61], the depth of the random circuit U is O(§). In this
work, we set £ = log(n/¢) and denote the ensemble gen-
erated by this 1D random double-layer blocked circuit as
¢, where ¢ is a parameter. We would refer to this circuit
architecture as € when parameters are not essential.

We use the double-layer blocked circuit as the encod-
ing map in the following way. The circuit U encodes

the k-qubit logical system L to an n-qubit physical sys-
tem S. In the encoding procedure, the logical qubits
and ancillary qubits are evenly distributed across each
region, such that each region contains (k/n)§ logical
qubits and ((n — k)/n)€ ancillary qubits as shown in
Fig. 1(b).

We focus on the performance of codes when the encod-
ing circuits are of low depth, that is, when depth d < n.
Due to the light-cone constraint, each qubit can interact
with only O(d) other qubits, limiting the spread of informa-
tion across the system. Consequently, any encoding unitary
from the 1D random circuits can only achieve a code dis-
tance on the order of circuit depth [30]. Fortunately, by
considering AQEC, the number of qubits protected against
local noise and limited correlated noise can be much larger
than the code distance. Here, the AQEC performance is
quantified by the Choi error ecpo; between the identity
operation and D o N o &, where £, N, and D represent
the encoding, noise, and decoding channels, respectively.
This error measures the average distance between the ini-
tial and recovered states over all inputs, using an optimal
decoding channel D. A detailed introduction to AQEC is
provided in Sec. I B.

We rigorously analyze a host of important noise models,
including local Pauli, erasure, amplitude damping noises,
and nearest-neighbor ZZ-coupling noise. The common
message is that our two 1D circuit models exhibit good
quantum error correction performance at O(logn) depth
for all these practical noise types. We also show that a bet-
ter performance exists for the double-layer blocked circuit
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1.0
Pauli,smooth (hashing bound: 1 — h(p))
Pauli, nonsmooth (1 — f(p))
0.8 Erasure, smooth (capacity: 1 — 2p)
o Erasure, nonsmooth (1 —log(1 + 3p))
T 06 Amplitude, smooth (h(252) = h(2))
[®)]
c H _ 1 P
= Amplitude, nonsmooth ( Iog(ﬁ + m))
o
o 0.4 Correlated, nonsmooth (1 — 2log(y1—p +/p))
w
0.2
0.0

FIG. 2. The encoding rates of different bounds. For Pauli noise, the encoding rates given by the smooth and nonsmooth decoupling
theorems are bounded by 1 — 4(p) and 1 — f(p), respectively. They are depicted in blue with solid and dashed lines, respectively.
For the strength-p depolarizing noise, the four parameters of the Pauli noise are p = (1 — 3p/4,p/4,p/4,p/4). The hashing bound
1 — h(p) is higher than the bound 1 — f(»). For erasure errors, the encoding rates given by the smooth and nonsmooth decoupling
theorems are bounded by 1 —2p and 1 —log(1 + 3p) and depicted in red with solid and dashed lines, respectively. The bound
1 — 2p is the quantum channel capacity of the erasure error, and it is higher than the bound 1 — log(1 + 3p). For amplitude damp-
ing noise, the encoding rates given by the smooth and nonsmooth decoupling theorems are bounded by 2((1 — p)/2) — h(p/2) and

— log(l /2—=p)+./p/2— p)) and depicted in orange with solid and dashed lines, respectively. For strength-p nearest-neighbor
correlated noise, only the nonsmooth decoupling theorem is applicable. The achievable encoding rate is 1 — 2 log(./l —-p+ ﬁ),

depicted in green.

at w(log n) depth. In the following, we mainly present the
results for this type of circuit.

Remarkably, we prove that the encoding schemes from
the double-layer blocked circuit at w(logn) depth can
establish a Choi error that goes to zero with an encoding
rate k/n under strength-p local Pauli noise, provided that
1 —k/n— h(p) > 0. This error decay implies that these
encoding schemes can achieve the well-known hashing
bound of the channel capacity for local Pauli noise [28,35,
36]. Here, p = (p;, px,py,pz) represents the four parame-
ters of the local Pauli noise where p; + px +py+pz = 1.
The entropy function is defined as h(p) = —p; logp; —
px logpxy — pylogpy — pzlogpz. When depth is O(log n),
the encoding rate can achieve a smaller one, 1 —f(p),
against the same strength of Pauli noise where f(p) =
2log(/pr + /Px + /Py + /Pz). For strength-p local
erasure error, where each qubit is i.i.d. erased with proba-
bility p, the encoding rate can also be constant and achieve
the quantum channel capacity 1 — 2p [62]. For strength-
p local amplitude damping noise, the encoding rate
can reach A((1 —p)/2) — h(p/2). For nearest-neighbor
ZZ-coupling noise, we show that the encoding rate
can achieve a constant 1—2log(v/T—p + /p). The
results for 1D brickwork circuits are the same when
circuit depth is O(logn). The results are summarized
in Result 1 and depicted in Fig. 2. We present the
formal results in Corollaries 1, 2, 3, 4, 5, 6, 7, and
Appendix C 3.

Result 1 (Encoding rate of the double-layer
blocked circuit € and 1D brickwork circuit *B,
informal).

(1) In the large » limit, the expected Choi error for
the random codes from € and B vanishes with
encoding rate k/n < 1 — f(p) for strength-p local
Pauli noise, k/n <1 —log(1 4+ 3p) for strength-

p local erasure errors, k/n < —log (1/(2 —-p) +

vp/2— p)) for strength-p local amplitude damp-

ing noise, and k/n < 1 — ZClog(«/l -p+ ﬁ) for
strength-p correlated noise at circuit depth O(log n).
Here, ¢ = 1 for € and ¢ = (1 + k/n) for B.

(2) In the large n limit, the expected Choi error for
the random codes from € vanishes with encoding
rate k/n < 1 — h(p) for strength-p local Pauli noise,
k/n <1 —2p for strength-p local erasure errors,
and k/n < h((1 —p)/2) — h(p/2) for strength-p
local amplitude damping noise at circuit depth
w(logn).

We further strengthen the result by showing that these
codes exhibit a Choi error that decays exponentially with
circuit depth.

Result 2 (Choi error of encoding schemes from the dou-
ble-layer blocked circuit € and 1D brickwork circuit B,
informal). The expected Choi error of the random codes
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formed by € or B¢ with depth O(log n/¢) satisfies
Ey~es€cno = O ((817%71%)%) ,

Ey~msg€choi = O <(%)‘f"_;) , ©)

with an encoding rate k/n < 1 — f(p) for strength-p local
Pauli noise, k/n < 1 —log(1 + 3p) for strength-p local

erasure errors, k/n < — 10g<1/(2 -p)+/p/2 —p))
for strength-p local amplitude damping noise, and k/n <
1 —2clog(+/T—=p + /p) for strength-p correlated noise.

The formal version of this result is given in Corollar-
ies 1, 3, 5, 7, and Appendix C 3. A direct consequence of
Result 2 is that 1D encoding schemes with depth O(log n)
establish a Choi error €cho; = 1/poly(n). This small Choi
error is particularly valuable for quantum error correc-
tion over extended periods. When the encoding rate is
above the value mentioned in Result 2, the scaling of the
Choi error will be O((log n/log(n/€))'/*), as discussed in
Appendix B 4.

Furthermore, we establish the lower bound on the circuit
depth required to achieve high AQEC performance under
the local depolarizing channel, a type of local Pauli noise.
This result provides a lower bound for encoding circuit
depth against local Pauli noise and can be easily extended
to other local errors.

Result 3 (Lower bound for circuit depth, informal). For
a circuit U that encodes k logical qubits with depth d
and has a Choi error € against a constant-strength local
depolarizing channel, then:

(1) If U is a D-dimensional then d=
Q ((log(1/€) + logk)!'/P).
(2) If Uis an all-to-all circuit, then d = 2 (log[log(1/¢€)

+ log k).

circuit,

This result matches the upper bound in Results 1 and 2,
confirming the optimality of our encoding scheme. We
present the formal version of this result in Theorem 4.

To prove the AQEC performance established in Results
1 and 2, we employ the complementary channel approach
[27], which evaluates the Choi error by characterizing how
much information leaks from the system to the environ-
ment after encoding and noise. The issue becomes how
decoupled the environment and the other copy of the sys-
tem are after inputting an entangled state across two copies
of systems, with one undergoing encoding and the com-
plementary channel from system to environment. This
decoupling task is illustrated in Fig. 3. To address this
issue, we prove decoupling theorems tailored for € and
8. Compared to previous decoupling results [37,63,64],

R
P OER =
SR ] TE ® pr?
Us l Ts—E E
FIG. 3. The diagram of the decoupling task. The process

begins with an entangled state, psgr, where R is a reference
system identical to S. The system S undergoes an encoding uni-
tary operation, Us, followed by a channel 7g_z that maps S
to the environment E. The resulting output state is opr. The
decoupling task examines whether ogg is sufficiently close to a
tensor-product state Tz ® pg for certain choices of Ug and Zs_. .
The role of Us is to spread information within .S, making it diffi-
cult for the environment E to extract information about S and R
through 7s_. . When E has no information about SR, it becomes
decoupled from R.

the new decoupling theorem considers initial states that
have a tensor-product structure. This relaxation enables the
establishment of the decoupling for 1D low-depth circuits
instead of high-dimensional or long-depth circuits. Mean-
while, this relaxation is sufficient for evaluating the Choi
error. We present the detailed results in Theorems 1, 2,
and 3.

Result 4 (Decoupling theorems for the double-layer
blocked circuit € and 1D brickwork circuit B, informal).
Given three quantum systems S, R, and E, denote the
reduced density matrix of psg on system R as pr and
the Choi-Jamiotkowski representation of 7g_, ¢ as tsg with
reduced density matrix on system E as tg. Suppose Us
is drawn from < or B¢, and psg has a tensor-product
structure over different regions. Then in the large n limit,

Eyg~et | Ts— £(UspsrUs) — T2 ® prlli = O(1n?), (7)
Eyg~ms ”,TS—>E(USPSRUI*) — 75 ® prlli = O(e%n™), (8)

if Hy(S|E) g, + Ha(SIR)pgz > 0, and & = O(1/poly(n)).
Meanwhile,

Eyg~es ||TS—>E(US/OSRU§) — 7 ® prlli = O + £1n2)
)

if Hf(SlE)ISE + Hy(S|R) sy > 0, and & = o(1/poly(n)).
The coefficients ¢y, ¢, ¢3, ¢4, ¢}, and ¢} are constant. Here,
H, and Hz‘s are the conditional collision entropy and the
smoothed version, respectively, which we will introduce
in Sec. [IT A.

In the above theorem, the term H; (S|R) g, represents the
initial correlation between system S and reference R and
equals —k for k EPR pairs. The term H,(S|E).g, evaluates

010331-6



APPROXIMATE QUANTUM ERROR CORRECTION...

PRX QUANTUM 7, 010331 (2026)

how the quantum channel from § to E preserves the corre-
lation or the amount of information leakage from S to E. If
there is no information leakage, then environment £ knows
nothing about S and R, H,(S|E) achieves the maxi-
mum, and £ and R will be decoupled. Normally, a higher
noise error rate implies a higher information leakage.
Thus, H>(S|E), decays when noise strength increases. It
gives the lower encoding rate bounds like n(1 — f(p)) for
Pauli noise. The smoothed entropy H2 (S|E) gives the
higher encoding rate bounds. The nonsmooth version also
implies the exponential decay of Choi error with circuit
depth, as stated in Result 2. Thus, O(logn)-depth circuits
exhibit negligibly small Choi error. On the other hand, the
smooth version shows the Choi error approaches 0 for an
w (log n)-depth circuit with a larger encoding rate.

The new decoupling theorems are expected to have
important implications in quantum many-body physics and
quantum information tasks, as outlined in the discussion
section. We also generalize these results to bound the error
for an arbitrary input state where psg does not have a
tensor-product structure (Proposition 2). Additionally, we
propose a randomized encoding scheme that exhibits good
recovery fidelity for arbitrary input states (Proposition 1).

III. PRELIMINARIES

In this section, we introduce the preliminaries of our
work. First, we present the basic notations and quantities
used throughout this paper. Then, we introduce funda-
mental concepts and results in approximate quantum error
correction. Next, we discuss the related concept of random
unitaries and quantum design.

A. Basic notations and quantities

Let us start with the basic notations used in this work.
We denote the Hilbert space as H, the set of the states
on ‘H as D(H), and the set of the general matrices on H
as M (H). For a single-qudit system with local dimension
g, we denote the Hilbert space as H, where dimH, = q.
The basis of H, is {[1),]2),...,]q)}. The Hilbert space
of the n-qudit system is HZ". The Hilbert space Hap
of the combined system 4B of subsystems A4 and B is
Hag = H4 ® Hp. The dimension of H 4 is denoted as |4].
For a quantum state ppg € D(Hag), its reduced density
matrix on system B is denoted as pp = try(pag), where try
is the partial trace over subsystem 4. The unitary opera-
tion U on system A is denoted as U, with the subscript
to represent the support of U. A completely positive and
trace-preserving (CPTP) map 7 that maps a state from H4
to Hp is denoted as 74_, 5. The Choi-Jamiotkowski rep-
resentation of a CPTP map 7,_.p is a quantum state Tag,
which is defined as

s = To-s(d) (8] ), (10)

AA'

where A’ is a copy of system 4, and ‘$><¢3‘AA, is the

maximally entangled state on system A4’ with
l4]-1

m/,ﬂZEZnuz (11)

We use several measures to quantify the distance
between two states. The fidelity is defined as

F(p,0) = |IV/ova i = tr) /5o /p.

For pure state |) and mixed state o, the fidelity is given
by

(12)

F(y)yl,o) =V {yloly). 13)
From the fidelity, we can define the purified distance,
P(p,0) =1 —=F(p,0)%, (14)
which satisfies [65]
SIo—olh < P(.0) <l —olh. (19
The trace distance between p and o is %H p—oli .

The definitions of fidelity F' and trace distance can also be
generalized to arbitrary positive matrices beyond states by
substituting p and o with general matrices. For two quan-
tum channels 7,5 and 7, ,, we normally use diamond
distance to characterize their distance, defined as

1T4—p — AHB(;OAR)HI,

(16)

where R is a reference system without dimension restric-
tion. Nonetheless, it can be shown that considering a refer-
ence system R with the same dimension as 4 is sufficient
for maximization. The definition of the diamond distance
can also be generalized for two completely positive maps.

In this work, we will massively use the conditional
entropy. The conditional collision entropy of 4 given B is
defined as

7;/%3”0 = max ||7;1—>B(/0AR)

_ N2
Hy(4|B), = —logtr[((Ly ® ps) " pasu ® p5)~"/*)"].
(17)
Its smoothed version is
H)(A|B), = sup Hy(4|B),, (18)
PABEBS (pAB)

where B?(p) = {p’, P(p’, p) < 8} is the set of all 5-close
states of p. For more details about quantum entropies refer
to Appendix A.

010331-7



LIU, DU, LIU, and MA

PRX QUANTUM 7, 010331 (2026)

Below, we introduce a mathematical lemma used in this
work, which turns the evaluation of the 1-norm of a matrix
into a second-moment quantity.

Lemma 1 (Lemma 3.7 in Ref. [63]). Given a Hilbert
space H, let M € M(H) and o0 € D(H). We have that

1My < Vir(e AMo—12MTe=1/4).  (19)

If M is Hermitian, this simplifies to

1My < Vir((o~VAMa—1/4)2). (20)

B. Approximate quantum error correction

In this subsection, we introduce basic concepts in
approximate quantum error correction. To protect logical
information, the logical system L, consisting of k qubits, is
encoded into the n-qubit physical system S via an encoding
channel & _ 5. The logical system may also be entangled
with a k-qubit reference system R. The code rate is given
by k/n. After encoding, the physical system S undergoes
a noise channel N. Finally, a decoding operation Dy_,;
is applied to recover the information stored in the logi-
cal system. For an initial state prg, the recovered state is
given by

[(DoN o0& ® IRl(pLR)- (21)

For a unitary encoding, & .s(p) = Uspr ® [0)(0]5, UE,
as demonstrated by Fig. 4.

One can quantify the performance of quantum error cor-
rection by the fidelity between the initial and final states. In

AL HH

Unitary encoding

FIG. 4. Diagram of the procedure of quantum error correction.
The initial logical information is stored in a quantum state py.
Before undergoing noise \V, py is first encoded by £ with £(p) =
Up ® |0)(0] U' for unitary encoding operation U. Finally, one
applies decoding operation D to retrieve logical information.
More generally, p; may be entangled with a reference system R.

this work, we focus on the entanglement fidelity, or Choi
fidelity, which is defined as

Fehoi = mng (Q;LR: [(DoNo&)L® IR](éLR)) , (22)

where ¢pr is the maximally entangled state between the
logical system and the reference system. The Choi error is
defined as

2
€Choi = 4/ 1- FChoi

=minP (i [(D o N 0 E), & elduw)) . (23)

The Choi fidelity quantifies how well the code can
preserve entanglement between the logical and reference
systems. It is also closely related to the max-average state
fidelity F,y., which reflects the average performance of the
AQEC codes over all input states,

Fro=max [ dy P @oN o). @9

Here, diy denotes the Haar-random distribution of pure
states over H;. The average fidelity F,y and Choi fidelity
satisfy the relation [66,67]

dF? .+ 1
FZ — ChOl , 25
ave d + 1 ( )

where d = |L| = 2% is the dimension of the logical system.

Directly evaluating Eq. (23) is challenging. The Choi
error is often analyzed using the complementary channel
formalism [22,27]. In essence, the complementary channel
formalism quantifies recovery performance by examin-
ing the information leakage contained in the environment.
Specifically, according to Stinespring dilation, the noise
channel can be modeled by interacting the physical system
S with the environment £ through a unitary U, followed by
tracing out the environment,

Nis(ps) = trg(Usgps ® 10X0] ¢ U;E)- (26)

If we trace out the system instead of the environment, we
obtain the complementary channel of N,

Nior = trg(Usgps ® |0)0]; ULy). 27)

For a noise channel with Kraus operators {K;},

Ns(p) = Y KipK], (28)
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the complementary channel Ns_ g can be written as [27,
68]

Nsop =) tr(KipK)) 1) . (29)

)

Note that the complementary channel of NV o £ can be
obtained by

mLaE = Nsogo&is. (30)

By applying the complementary channel Nis_ £, we obtain
the state in the environment, which captures the informa-
tion leaked from the system to the environment. The Choi
error can then be expressed as [22,27]

o =i (P 01) (946],,)

mron)(H).

where 7 is a quantum channel that maps any input state
into a fixed state ¢, satisfying

G1)

(T p ® I (PLR) = ¢k ® L (prR)- (32)
Equation (31) indicates that if the state in the environment
is close to a fixed state in the tensor product with the ref-
erence system, the Choi error will be small, implying that
entanglement is well preserved.

Based on the Choi error, one can define the achievable
rate and the channel capacity of local noise channels [26].
Note that the Choi error is the function of the logical qubit
number %, the encoding map &, and the noise channel V.
We can denote it as e€cpoj = €choi(k, £, N). For a single-
qubit noise channel NV}, if there exists a sequence of logical
qubit numbers {k,} and encoding maps {&,} such that

lim €Choi (kna gna M®n) = 05 (33)
then we call
. kn
R = limsup — (34)
n—oo N

as an achievable rate of ;. The quantum channel capac-
ity of NV, denoted as Q(V}), is the supremum over all
achievable rates.

C. Noise model

In this work, we examine a wide variety of important
noise models: Pauli noises [69], erasure errors [70], ampli-
tude damping noises [71], and correlated noises. First, we

introduce Pauli noises. For a single qubit, the Pauli noise
is defined as

Ny () =p1p +pxX pX +pyYpY +pzZpZ.  (35)
We denote p = (pr,px,pr,pz) and refer to this noise as
the strength-p Pauli noise. When the probabilities sat-

isfy px = py = pz = p/3, the Pauli noise simplifies to the
depolarizing noise,

I
Na(p) =1 =plp+p=.

7 (36)

which we refer to as the strength-p depolarizing noise. For
an n-qubit state, we consider the i.i.d. local Pauli noise on
each qubit. The overall noise channel is then the tensor
product of n independent Pauli noises, expressed as N =
_/\/;7 @n

Another noise model of interest is the erasure error,
which completely traces out a subsystem 7 while simulta-
neously recording the location of the erased subsystem in
a separate register C. The erasure error model is important
due to its strong connection with code distance [65,70]. For
an erasure noise act on a fixed subsystem 7, the register C
can be ignored and the noise is expressed as

N(p) = trr(p). (37
The complementary channel of the erasure error is
N(p) = tr7(p), (38)

where T = S\T denotes the complement of subsystem 7.
This implies that the environment obtains the state in the
traced-out subsystem. For the random ¢-erasure error, the
locations of the erasured subsystem are randomly selected
among all possible 7-qubit subsystems, and the noise is
expressed as

1
N(p) = 7= Y IDNTlc ® trr(p).
(r) |T|=t

Here, each T represents a distinct #-qubit subsystem being
erased, and |7). records the specific location of the era-
sure in the register C. The complementary channel of this
random z-erasure noise is [72]

(39)

A 1
N(p) = 7= Y IDTle & tr7(p),
([) |T|=t

where |T) continues to label the location of the erasure
errors.

Instead of considering erasure errors with a fixed num-
ber of erasures, one can also study i.i.d. erasure errors.

(40)
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Particularly, we consider that each qubit experiences an
erasure error i.i.d. with probability p. For a single-qubit
state p, the noise is described by

Ne(p) = (1 =p)p +p 12)(2], (41)

where state |2) is orthogonal to the space supporting p
and represents the erasure. For an n-qubit system, the total
erasure noise is modeled as N®".

The local amplitude damping noise is also an i.i.d. noise
model. We first define the strength-p amplitude damping
noise on a single qubit,

Na(p) = KopK{ + K1 pK], (42)

with

k() ) k()

For an n-qubit system, the total amplitude damping noise
is N2

The quantum channel capacity of these noise models is
of fundamental importance in quantum information theory.
For Pauli noise, a well-known lower bound on the quantum
channel capacity is the hashing bound,

where

h(p) = —p;logp; — px logpx — pylogpy — pzlogp;
(45)

is the Shannon entropy of the probability vector p. More-
over, it has been shown that the inequality in Eq. (44)
is strict in some regimes [28,35,36]. Existing upper and
lower bounds for the quantum capacity of Pauli noise do
not match, and the exact value of the quantum channel
capacity for Pauli noise remains unknown, even for the
depolarizing noise. The hashing bound is the most famous
lower bound for a generic Pauli noise, which is achievable
for random stabilizer codes [28].

Finding encoding schemes simpler than the random sta-
bilizer construction to achieve the hashing bound deserves
further exploration.

For erasure errors, the quantum channel capacity is
much simpler and can be computed exactly as [62]

OWN,) = max{0,1 — 2p}. (46)
This result matches the Singleton bound n — k — 2¢ > 0,

which yields k/n < 1 — 2t/n. The erasure probability p in
the i.i.d. case corresponds to ¢/n.

For amplitude damping noise, the quantum channel
capacity can also be computed exactly [71]. For p > 1,

ON) = 0. Forp < 1,

OWN) = [max {h((1 — p)x) — h(px)}, (47)

where / is the binary entropy function.

The above noise models are all i.i.d. single-qubit noises,
which enjoy a tensor-product structure. In this work, we
also study correlated noise models, which are also practi-
cally important. Particularly, we introduce strength-p 1D
nearest-neighbor ZZ-coupling noise on n qubits,

Ne(p) = 2 (A = )T +pZiZi1)(p), (48)

where 7 is the identity channel, and Z; is the Pauli Z chan-
nel on qubit i. Note that for correlated noise, currently,
there is no corresponding quantum channel capacity. But
there can exist a threshold for p such that the logical error
rate goes to 0 for this noise model.

D. Twirling operations and approximate design

In this part, we introduce the concept of twirling and
design associated with random unitary operations. The
twirling operation is defined over an ensemble of quantum
unitary operations, &. We consider the following #-th order
twirling operation over G,

5 (0) = Eys UP'OU™®, (49)

where U is drawn from the ensemble &; O is the matrix
being twirled, and its support may overpass U®'. The
expectation is taken over the random unitary operations
from &. When the ensemble & corresponds to the Haar-
random unitaries [, on n qubits, the first-order twirling
operation over i, can be obtained from the Schur-Weyl
duality [73],

. I
Egy, UOU" = try(0) -2, (50)
q

where try denotes the trace over the subsystem being
twirled, ¢ = dim U is the dimension of Hilbert space that
the unitary acts on, and I, is the identity operator with
dimension ¢. The second-order twirling operation over 4,
is

Eyy, US20U®?
= Bitrye2(OB)) + Batr 22 (OB))
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where

Bi=-LX, B=

q NI

with tr;z2 denoting the trace over the subsystem of being
twirled, [ > is the identity operator on the g*-dimension

subsystem, and F denotes the SWAP operator on the ¢>-
dimension subsystem.

Though the Haar-random unitary ensemble possesses
good twirling properties, it requires exponential resources
to implement in practice. An approximate version of the
Haar random unitary ensemble is usually used for prac-
tical applications. An ensemble & is called a unitary ¢
design if @5 = @{, and an e-approximate unitary r-design
[31,74-76] if

(52)

(1—e)®f < @ < (1+)d , (53)
where ®; < &, means that &, — &, is a completely posi-
tive map [31]. The term ¢ is referred to as the relative error.
An approximate design can also be defined in an additive
error version,

|l — @, llo < e (54)
It has been shown that an approximate design with rela-
tive error ¢ is an approximate design with additive error
2¢ [33]. Hereafter, unless stated otherwise, the error of an
approximate design refers to relative error. An exact uni-
tary z-design is an approximate unitary 7-design with ¢ = 0.
It was shown that the n-qubit Clifford group is an exact uni-
tary 3-design [77,78], and when the local dimension is odd
prime instead of 2, the Clifford group is an exact unitary
2-design [74-76,79,80]. As a remark, € and ‘B are exact
unitary 1-designs since they contain the local Pauli group,
which is already a unitary 1-design.
|

IV. LOG-DEPTH CIRCUIT TO ACHIEVE
DECOUPLING AND HIGH AQEC
PERFORMANCE

In this section, we investigate the AQEC performance of
the unitary operations generated by 1D log-depth circuits
using the Choi error metric.

Before elaborating on the detailed results, we note
that a recent surprising result shows that the 1D double-
layer blocked circuit € forms a 9g-approximate uni-
tary 3-design and 4e-approximate unitary 2-design [33].
However, the property of approximate design, in gen-
eral, does not guarantee good AQEC performance unless
¢ is smaller than an exponential decay function. The
decoupling theorem for approximate unitary designs [64]
includes an exponential factor, as stated in Lemma A6 in
Appendix A. The exponentially small ¢ implies a circuit
depth linear in the qubit number, which is not desired. To
address this issue, we develop new decoupling theorems.
We use these results to show that € exhibits a logical qubit
count that scales linearly with » while maintaining a small
Choi error. Particularly, € can achieve the hashing bound
for Pauli noises and the quantum capacity for erasure errors
even if ¢ is not exponentially small.

We begin by reformulating the analysis of the Choi error
as a decoupling problem. Next, we present the decoupling
theorems for 1D double-layer blocked circuit € and 1D
brickwork circuit B as a key technical contribution. By
applying the decoupling theorem to Pauli noise, erasure
errors, amplitude damping noise, and correlated noise, we
establish the favorable AQEC performance. Furthermore,
we prove a better AQEC performance of € and 8 than
the block-encoding scheme. We also extend these results
to more general error metrics beyond the Choi error. In the
next section, we derive the lower bound of the circuit depth
required to achieve a small Choi error in AQEC, which
matches the circuit depth needed for € and ‘B.

A. Approximate quantum error correction and decoupling theorem

We start by analyzing the expected Choi error. With the complementary channel approach, we have that

€Choi = m{inP (/(/S_)E (U‘q§><q3‘m & |07 (0" ] U’f) 5 ® 12[_1;;)

(T (L[] 0197107 1) B s (0 0001 )

o (B G5 (V]33] @ 040 ) 50 )

(e (0, :
= (Ko (]3], @ o) s () 0 ).

N I I A I I I
® 0" F) 0" | U’) Nsok (2—i> ® —R> —i-mginP (NS—>E (—i) ® Z—f;,é'E ® —R)

2 2k

(55)
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The first inequality comes from the triangle inequality of the purified distance. The second equality uses the property of
the twirling over Haar-random unitary gates. The third equality holds by taking the state ¢ as Ns_ g (I5/2").
Our target is to bound Eyecyo;. We utilize the relation between purified distance and trace distance in Eq. (15) to get

Euccn = oy | (0], 0 lomsfo7) e ($) o 2

2k,

S\/EU

The remaining part is evaluating the term in the square
root, which corresponds to the decoupling issue: how the
system E and R decouple after being acted on by a unitary
and channel J\A/S_> E.

We now present our decoupling theorems. For the
double-layer blocked ensemble €, we establish both non-
smooth and smooth versions, and for the 1D brickwork
circuit ensemble B, we prove the nonsmooth version. We
demonstrate how the environmental and reference systems
are decoupled after the physical system, encoded by uni-
taries from € or 9B, interacts with a noise channel. This step
lays the foundation for proving that the encoding rate can
be maintained at a constant encoding rate with a small Choi
error. Subsequently, we introduce the smooth decoupling
theorem for €. This refinement allows us to demonstrate
that the encoding rate for the local Pauli noise channel can
reach the hashing bound, and the encoding rate for the local
erasure error can reach the channel capacity.

J

(56)

We first present the nonsmooth decoupling theorem for
the double-layer blocked circuit € below.

Theorem 1 (Nonsmooth decoupling theorem for 1D
double-layer blocked circuits). Given three quantum
systems S =S515---Sy, R=R|R;---Ryy, and E =
E\E;--- E>y, we denote S; as the subsystem of region i
inside S, and the same for R; and E;. Without loss of gener-
ality, we assume that S is composed of n qubits, and each S;
has an equal size & = n/2N qubits. Let quantum state psg
be psr = ®lzi/1 ps:r; With a tensor-product structure and
Ts_. g be a completely positive map. Denote the reduced
density matrix of psg on system R as pr and the Choi-
Jamiotkowski representation of 7g_,  as tsg with reduced
density matrix on system £ as tg. Suppose Us is drawn
from €, as shown in Fig. 1(b). We obtain that

Eyg~es ||TS—>E(US,OSRU;) -1 ® prll1 < \/ZHZ(SlE)’SE ~H2(SIRpsr - CArél[%)]@] 22 UIR) AR —Ha (AIE)ezg (57)
where
25+1 —Hy(SiIR)) Hy(SiIR)) N
c=2([1 —max(maX(Z 2RISR 9T 'pSiRi>) —-1). 58
(( o™ 8

Furthermore, if 7s_, ¢ has a tensor-product structure, 7g .z = ®12iv 1 Zs,—E;, we obtain that

Eyg~et | Ts— £ (Uspsr U — & ® prlli

Proof sketch. The proof of Theorem 1 begins with
Lemma 1, where the inequality M <

\/tr((o—l/“Ma—l/“)z) is used to convert the 1-norm

2N

< 272122/1 H2(Si|Ei)rS].Eilezivl H2(Si|Ri)pSI.Ri + Cl_[max(l 2*H2(S[|E,')1—SI_EI_ 7H2(S,'|R,-)pSiRl_) (59)
, .

i=1

(

distance into the square of a matrix. By expanding this
square, we apply both the first- and second-order twirling
operations conducted by €. The analysis of the first-order
twirling is straightforward, as € is a unitary 1-design.
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However, the second-order twirling requires evaluating
~ 2
Eytr |:<’Z:gﬁ E <US,35R UE)) ] and bounding the difference

between the expectation over € and the Haar-random uni-
tary group il,. The property of € being an approximate
2-design does not guarantee that this term is small unless ¢
is exponentially small. To address this, we refine the eval-
uation by leveraging the double-layer blocked structure of
¢. The additional condition that the state psg exhibits a
tensor-product structure simplifies the calculation, and this
condition holds for EPR input states. The full proof can be
found in Appendix B 1. |

The nonsmooth decoupling theorem for the 1D brick-
work circuits B is similar to that for €, but with a
different decoupling error. The results are shown below.

Theorem 2 (Decoupling with 1D brickwork circuits).
Given three quantum systems, S=S585---S,, R=
R\Ry---R,, and E =E\E,---E,, we denote S; as the
subsystem of region i inside S, and the same for R;
and E;. Here, S; is a qudit with local dimension ¢. Let
quantum state psg be psg = ®;':1 ps;; With a tensor-
product structure and Zg.p be a completely positive
map. Denote the reduced density matrix of psg on sys-
tem R as pp and the Choi-Jamiotkowski representation
of Tg_.r as tgg with reduced density matrix on sys-
tem E as tz. Set n = q/(¢> + 1). Suppose Us is drawn
from ‘B with depth d =log(n/e) + logn/log(12n) +
log(e — 1)/log(1/2n) 4+ 1. We obtain that

. _ _ & log%
Eyg~me | Ts— £(UspsrUg) — & ® prlli < \/2 M SIE)egy =2 (SIR)psp - (—) "M max

where

o = max (22
i€[n]

Proof sketch. The proof of Theorem 2 is similar to that
of Theorem 1. The key proof is to evaluate the second-

~ 2
order twirling Eytr [(7}%5 (US,OSRUS>) ] To address

this for B, we utilize the domain-wall technique [32],
which enables us to evaluate the second-moment twirling
induced by 1D brickwork circuits. The full proof can be
found in Appendix C. |

With the nonsmooth decoupling theorem, one can show
that the Choi error can be polynomially small when ¢ is
polynomially small for Pauli noise, erasure errors, ampli-
tude damping noise, and correlated noise, as demonstrated
later. In this case, the depths of the double-layer blocked
circuit €, and 1D brickwork circuit B, are still O(log n).

For the double-layer blocked ensemble €, we can fur-
ther introduce a smooth decoupling theorem. Particularly,

R:
| l)pSiRi , 2

2~ AR g~ AIE)s - (60)

n AC[n]

—H (S; ‘Ri)pSiRi )

(61)

(

the smooth decoupling theorem replaces the conditional
collision entropy H, with the smoothed conditional colli-
sion entropy Hj. The proof follows a standard smoothing
technique, with a full derivation provided in Appendix B 2.
This smooth version allows us to demonstrate a higher
achievable encoding rate for € when the noise channel is
local. The collision entropy H3 (p®%) can approximate the
tighter von Neumann entropy H (p®%) in the large # limit.
In contrast, this approach cannot increase the achievable
encoding rate for 1D brickwork circuit 28, since the upper
bound contains the term 22" 7%sit; evaluated on a single
qudit. In the following, we mainly present the results of €.

Theorem 3 (Smooth decoupling theorem for 1D dou-
ble-layer blocked circuits). With the same setting in
Theorem 1 and the tensor-product structure of Zs_, g, for
any 0 < § < 1, we have that

Eyes ”,TS—>E(US,OSRU?;) — 15 ® prlli < 16N§

2N 46 2N 148 8 8
+ |2 i Hy SilEdzg, =Y H SilRpg,p; ¢ 1—[ max(1 2—H2 (SilEDg g —H) (Si\Rl-)pSiRi)
b b

2N
(62)

i=1
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where

2§+1 7H‘S(S‘|R') H‘S(S'\R') N-l
=2 <1 —G—Mmlax(max@ 2TERSiRy T2 ’pSiRi))> —-1]). (63)

If we only smooth H,(S;|E;), we will obtain

Eyes ||TS—>E(US,OSRU§) — 17 Q@ prll1 < 8NJ

2N

— Y HI(SIED o — 22N Hy (SiIR; —H3(S{1E)eq .. —Ha (SiIR;
+ 2 Z,=1 2( ‘ )tSiEi Zl=1 2(Sil )pSiRi +Cl_[max(1,2 2( | )SiEi 2 (Sil )pSiRi)’ (64)

where

i=1

281 —Hy(SiIRy) Hy(S;IR;) v
c=2 (1 + ﬁmlax(max(Z 2RISRy ")SiRi))) —-1]. (65)

In the following, we introduce the results of applying the
decoupling theorems to prove the AQEC performance of
¢ and B. We mainly present the results associated with €
since its proven achievable encoding rate is better. We also
show the advantage of € and B compared to the block-
encoding method in Sec. IVF.

B. Pauli error

We now analyze the performance of random codes
under local Pauli noise. This type of noise is particularly
important as it is frequently used to model noise encoun-
tered in quantum computing [81,82]. Notably, any noise
can be turned into Pauli noise by randomized compiling
[83]. Specifically, we analyze the Pauli noise model with
parameter p = (p;,px,pPy.Pz), as defined in Eq. (35). By
applying the nonsmooth decoupling theorem, we prove the
following result.

Corollary 1 (AQEC performance of € for Pauli noise).
In the large n limit, suppose k and p satisfy k/n < 1 — f(p)
and (g/n)'~%" = 0(1/n), the expected Choi error of the
random codes formed by €* against the strength-p local
Pauli noise channel satisfies

k k
4g'"npn

* log<n/e>> . (66)

where f(p) = 2log(/pr + /Px + /Pr + /Pz). That is,
the 1D O(logn)-depth double-layer blocked circuits can
achieve an encoding rate 1 — /' (p).

Ey-es€choi < <2_"(1_f@)_5)

Proof sketch. To prove this corollary, we straightfor-
wardly apply the nonsmooth decoupling theorem or

(

Theorem 1. We substitute the state 7sz and pgg, in
Theorem 1 with the Choi state of local Pauli noise and
the maximally entangled state, respectively. For local Pauli
noise, the conditional collision entropy H, (S|E);, is given
by n(1 — f(p)). Meanwhile, the entropy H,(S|R),g, cap-
tures the entanglement of the initial state and is equal to

—k, where k denotes the number of Bell states in ’gﬁX(f&‘

Then, we get the first term 21~/ ®)—k/" in the square
root. The second term comes from the bound of coeffi-
cient ¢ with standard inequalities. See Appendix B3 for
the detailed proof. |

Corollary 1 shows that the Choi error can be made poly-
nomially small by choosing ¢ to be polynomially small.
The exponential decay term 2~"(~/®)=k/m corresponds
to the result associated with random stabilizer codes, as
discussed in Appendix B 12. The polynomial decay term
arises from the approximation error of € compared to
the Haar-random ensemble. As a consequence, we show
that 1D double-layer blocked O(logn)-depth random cir-
cuits maintain a constant encoding and error-correcting
rate under local Pauli noise. The encoding rate reaches 1 —
2log(/p1 + /Px + /Py + /pz) for local Pauli noise
with a polynomially small Choi error. The polynomial
decay of the Choi error is particularly beneficial when the
logical state needs to be protected over extended periods.

Similar to Corollary 1, for the 1D brickwork circuits
B, we can also show that the encoding scheme can reach
the encoding rate 1 — Zlog(@ + /Px + /Py + \/p_Z)
for local Pauli noise. The difference is that the polynomial
decay term within the bracket changes to (¢/k)"/*=2. The
full analysis is shown in Appendix C 3.

When we apply the smooth decoupling theorem, or
Theorem 3, we obtain a higher achievable encoding rate,
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known as the hashing bound. Specifically, we use Eq. (64)
by smoothing only H,(S;|E;).

Corollary 2 (Random codes from € achieve the hash-
ing bound for Pauli noise). For any 6 > 0, in the large
n limit, suppose k and p satisfy k/n <1 — h(p) — § and
lim,,_, o, logn/log(n/e) = 0, the expected Choi error of the
random codes formed by € against the strength-p local
Pauli noise channel satisfies

k k
4e'=nnn

log(n/e)”
(67)

Ey~esecnoi < |88 + \/z—n(l—h(,;)_fnf_,;) n

Here,  h(p) = —prlogpr — px logpx — pylogpy — pz
logpz. That is, the 1D w(logn)-depth double-layer
blocked circuits can achieve the hashing bound 1 — ().

Proof sketch. The proof of Corollary 2 closely follows
the proof of Corollary 1, with the key distinction being
the evaluation of the smoothed entropy. By the asymp-
totic equipartition property (AEP) of conditional entropy,
the smoothed collision entropy converges to the von Neu-
mann entropy. For local Pauli noise, the von Neumann
entropy H (S|E). is given by n(1 — h(p)). The entropy
H>(S|R) g, captures the initial entanglement and is equal
to —k. Combining these results, we obtain that the encod-
ing rate achievable under local Pauli noise approaches
the hashing bound. The detailed analysis is provided in
Appendix B 4. |

Note that, compared to Corollary 1, Corollary 2 intro-
duces an additional requirement: lim,_ o logn/log(n/e)
= 0. This condition arises from the AEP when the smooth
conditional collision entropy approximates the condi-
tional Shannon entropy. The condition ensures that the
approximation error in AEP diminishes as n increases.
It can be satisfied by choosing log(n/e) to be any
function that grows slightly faster than logn, such as
(logn) logloglogn.

While smoothing the conditional collision entropy intro-
duces an additional error term of 83, the results remain
significant. Since § can be chosen arbitrarily small, we
can take the limit § — 0 and n — oo. In this limit, the
Choi error approaches 0. Therefore, for Pauli noise param-
eterized by p = (p;,px,py,pz), the Choi error diminishes
to zero if the encoding rate k/n is less than 1 — h(p).
Hence, we conclude that the w (log n)-depth encoding cir-
cuit from € can achieve the hashing bound. The hashing
bound 1 — A4(p) can be much higher than the previous
bound 1 — £ (p) from the nonsmooth decoupling theorem.

C. Erasure error

We now analyze the performance of random codes
under erasure errors, an important error model extensively

studied in prior work [21,22] and usually used to assess the
performance of quantum codes. We first consider strength-
p 1.1.d. erasure errors defined in Eq. (41). The derivation is
similar to that for Pauli noise, with the differences arising
from the noise channel and the evaluation of H;(S|E) g
and H (S|E), . We provide the results below.

Corollary 3 (AQEC performance of € for i.i.d. erasure
error). In the large n limit, suppose k and p satisfy k/n <
1 —log(1 +3p) and (¢/n)'=¥" = o(1/n), the expected
Choi error of the random codes formed by €, against the
strength-p i.i.d. erasure error satisfies

4 11—k k %
Ey~cz€cnoi < (2_"(1_103(”3’7)_5) y= nnn) . (68)
! log(n/¢)
That is, the 1D O(log n)-depth double-layer blocked cir-
cuits can achieve an encoding rate 1 — log(1 4 3p) for
strength-p erasure error.

The detailed proof is available in Appendix BS5.
Corollary 3 demonstrates that the Choi error can be made
polynomially small when ¢ is polynomially small. The
exponential decay term 2~"(1=1e04+3)=1) arises from the
result associated with random stabilizer codes, while the
polynomial decay term comes from the approximation
error of €. Consequently, we show that 1D double-layer
blocked O(log n)-depth random circuits achieve an encod-
ing rate of 1 —log(1 4 3p) for i.i.d. erasure error with a
vanishing Choi error.

Similar to Corollary 3, for the 1D brickwork circuits B¢,
the encoding rate 1 — log(1 + 3p) is also achievable for

i.i.d. erasure error with a small Choi error O((e/k)" 4"_%).
The full analysis is shown in Appendix C 3.

If we apply the smooth decoupling theorem, or Theorem
3, we find that € can further achieve the quantum channel
capacity for the erasure error, which is 1 — 2p. This result
is shown below. Specifically, we use Eq. (64) by smoothing
only H,(Si|E).

Corollary 4 (Random codes from € achieve the quantum
channel capacity for i.i.d. erasure error). Given § > 0, in
the large n limit, suppose k and p satisfy k/n <1 —2p —§
and lim,_, logn/log(n/e) = 0, the expected Choi error
of the random codes formed by ¢’ against the strength-p
1.1.d. erasure error satisfies

del= 5 nn
Ecsecho < | 88 + /2770259 1 2= """ " (69)
! log(n/e)

That is, the 1D w(logn)-depth double-layer blocked cir-
cuits can achieve the erasure channel capacity 1 — 2p.
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The detailed proof is provided in Appendix B 6. The
additional requirement lim,_ o, logn/log(n/e) = 0 arises
from AEP, just as it does for Pauli noise. By taking the lim-
its 8 — 0 and n — oo, the Choi error diminishes to zero
if the encoding rate k/mn is less than 1 — 2p. Hence, we
conclude that the w(logn)-depth encoding circuit from €
can achieve the quantum channel capacity 1 — 2p for i.i.d.
erasure error.

In addition to i.i.d. erasure, we also consider the fixed-
number erasure error, which was studied in Ref. [22]. This
noise model is defined in Eq. (39), where the number of
erasures is t. In this error model, a subsystem of size ¢
is randomly selected and traced out. Similar to Corollary
3, we show that these codes maintain a constant rate
of information storage and error correction capabilities.
Specifically, given the logical qubit count k£ and the num-
ber of erasure errors 7, we have that for sufficiently large n,
as long as 1 — k/n — log(1 + 3t/n) > 0, and (g/n)' %" =
o(1/n), the expected Choi error over € against the random
t erasure errors satisfies

481_§n§ :
10g(n/e)) ’ (70)
Note that ¢ is only required to be polynomially small to sat-
isfy (e/m)' =" = o(1/n). Consequently, the circuit depth
is O(log(n/e)) = O(log n), and the Choi error decays poly-
nomially as the number of qubits # increases. The maximal
number of erasure errors can be n/3. The full detail is
available in Appendix B 10.

For random stabilizer code, the Choi error can be
bounded by the first term 2~(*=2=H/4 Thys, random sta-
bilizer codes perform well when n — 2t — k > 0, which
saturates the quantum Singleton bound, n — k — 2(d —
1) > 0, for an [n, k, d] code, as distance-d code can guar-
antee to correct d — 1 erasure errors [40]. Here, the codes
from € require the condition n — k — nlog(1 + 3¢/n) > 0,
which is close to the Singleton bound n — k — 2¢ > O up to
a constant factor. This raises a question regarding whether
the low-depth codes can achieve the “Singleton bound” for
AQEC under random t-erasure errors. Meanwhile, notice
that the condition n — k — nlog(1 + 3¢/n) > 0 is in accord
with the requirement when applying the nonsmooth decou-
pling theorem to i.i.d. erasure error. Also, applying the
smooth decoupling theorem to i.i.d. erasure error gives
an encoding rate 1 — 2p, which is exactly the Singleton
bound. It is possible to enhance Eq. (70) by “smoothing”
the result, which we leave for future work.

Eechoi < <2_("‘2H‘) +

D. Amplitude damping noise

We now analyze the performance of random codes
under amplitude damping noise [71]. The derivation is
similar to that for Pauli noise and erasure errors, with

differences in the noise channel and the evaluation of
H>(S|E) g, and H(S|E).. We provide the results below.

Corollary 5 (AQEC performance of € for ampli-
tude damping noise). In the large n limit, suppose k

and p satisty k/n < — 1og(1/(2 _p) /2 —p)) and
(e/m)'7*/" = o(1/n), the expected Choi error of the ran-

dom codes formed by < against the strength-p local
amplitude damping noise satisfies

1
_k k\ 7
—n(— 1 r_\_k 1 npn
Eymeséchor < (27" (25 +/2%5) ")+48—n ,
" log(n/¢)

(71)
That is, the 1D O(log n)-depth double-layer blocked cir-

cuits can achieve an encoding rate — log (1 /2—p) +

vp/Q2 - p)) for strength-p local amplitude damping

noise.

The detailed proof is available in Appendix B7.
Corollary 5 demonstrates that the Choi error can be made
polynomially small when ¢ is polynomially small.

Similar to Corollary 5, for the 1D brickwork circuits

$B%, the encoding rate — 10g(1/(2 —p)+/p/2 —p)) is
also achievable for local amplitude damping noise with a

small Choi error O((e /k)&*%). The full analysis is shown
in Appendix C 3.

If we apply the smooth decoupling theorem, we find
that € can achieve a better encoding rate A((1 — p)/2) —
h(p/2). This result is shown below.

Corollary 6 (Better AQEC performance of & for ampli-
tude damping noise). Given § > 0, in the large » limit,
suppose k and p satisfy k/n < h((1 —p)/2) —h(p/2) — 8
and lim,_, -, logn/log(n/e) = 0, the expected Choi error
of the random codes formed by €, against the strength-p
local amplitude damping noise satisfies

. .

Eu~et€choi < |86+ 2_"(h(7p)_h(%)_%_5)+—48 " .
o log(n/e)

(72)

That is, the 1D w(logn)-depth double-layer blocked
circuits can achieve the encoding rate A((1 —p)/2) —

h(p/2).

The detailed proof is provided in Appendix B 8. The
bound of the encoding rate is A((1 —p)/2) — h(p/2),
which is the same as the bound for random stabilizer
codes. Nonetheless, this rate may be lower than the quan-
tum capacity of local amplitude damping noise given in
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Eq. (47). The discrepancy arises because both € and ran-
dom stabilizer codes are symmetric when interchanging
the computational basis, whereas amplitude damping noise
is inherently asymmetric.

E. Correlated noise

In the above, we show the AQEC performance of 1D
log-depth circuits for local noises. Below, we demonstrate
that our analysis extends beyond this type. By applying
Theorem 1, we show that codes from € can achieve a
constant rate of encoding against correlated noise. The
derivation is similar to that for local noise, with the dif-
ferences arising from the noise channel and the evaluation
of Hy(S|E) . The result is summarized below.

Corollary 7 (Random codes from & possess a thresh-
old for 1D nearest-neighbor ZZ-coupling noise). In
the large »n limit, suppose k£ and p satisfy k/n <
1—2log(vT=p +p) and (¢/n)'~"" =o(1/n), the
expected Choi error of the random codes formed by €
against the strength-p nearest-neighbor ZZ-coupling noise
satisfies

k 481_%11% *
Byt €choi < 2—n(1—210g(~/1—p+«/17)—;)+ )
! B log(n/¢)
(73)

That is, the 1D O(logn)-depth double-layer blocked cir-
cuits can achieve an encoding rate 1 — 2log (./1 —-p+
ﬁ) for strength-p 1D nearest-neighbor ZZ-coupling
noise.

The detailed proof is available in Appendix B9.
Corollary 7 demonstrates that the Choi error is polyno-
mially small when ¢ is polynomially small. The expo-
nential decay term 2~"(!~2loe(VI=p+VP)=k/n s associated
with random stabilizer codes. Consequently, we show
that 1D double-layer blocked O(log n)-depth random cir-
cuits achieve an encoding rate of 1 — 2log(v/T = p + /P)
for nearest-neighbor ZZ-coupling noise with a polynomi-
ally small Choi error. For 1D brickwork circuit B, we
prove a similar result with a modification of the bound
to 1 —2(1 4 k/n)log(v/T=p + /p). The modification
originates from a finite local dimension for ‘B. The full
analysis is shown in Appendix C 3.

F. Advantages of the 1D double-layer blocked
encoding scheme over the block-encoding scheme

In addition to proving that our 1D circuit encoding
scheme can achieve a high AQEC performance against
local noises and correlated noise, we now specifically
discuss its advantage over the block-encoding scheme.

Previous works show that the one-dimensional block-
encoding scheme can have a threshold against random

erasure error [21] and can achieve the hashing bound
against Pauli noise [23] at a logarithmic depth. Here, we
show that although the achievable encoding rate for the
block-encoding method is the same as that for the double-
layer blocked circuit €, € can have advantages in the
required circuit depth and logical error rate.

Particularly, we will show that to correct a given noise
with a fixed encoding rate, the required circuit depth of
¢ is lower, and the Choi error is lower for €. In other
words, given certain noise channel the circuit depth the
double-layer blocked encoding scheme can accomplish
error correction but the block-encoding scheme cannot.

Using our notation, the encoding unitary operation of the
block-encoding method can be written as

U4i—3,4i—2,4i— 1,4i
C B

N
Q)

(74)

i=1

where l/‘g_3’4i_2’4i_1’4i is a random Clifford gate on regions
4i — 3,4i — 2,4i — 1,4i. The location of regions is shown
in Fig. 1(b). The encoding unitary U is a tensor product of
parallel Clifford gates. Note that the depth to realize an n-
qubit Clifford gate depends linearly on n. To make a fair
comparison, we let the block size be 4& so that the depths
to realize the block encoding and the double-layer blocked
encoding schemes are the same. We denote the set of the
random block-encoding unitary operations as G5,

In Appendix B 13 , we compute the Choi error of the
block-encoding scheme and compare it to the double-layer
blocked encoding scheme. For local erasure error, we rig-
orously establish an advantage of the double-layer blocked
encoding scheme over the block-encoding scheme. We
evaluate the lower bound of the Choi error for the block-
encoding method as follows:

k
-5

. £\80(—
EUN6§€Ch0i Zminqn (;)

llp)+o(1)

QM) ¢, (75)

where D is the binary relative entropy. Particularly, the
Q() term is a positive constant. When
k
n(e/m*C
1_k
ishes. If n (¢ /n)%P (=" IP+o() does not converge, the Choi
error will have a nonvanishing value, and the error correc-
tion fails.
Recalling Corollary 3, the Choi error for the double-
layer blocked encoding scheme is

IP)+oM) yanishes, the Choi error also van-

1

481_57[% 4
+—F7:0 . (76)

Byt €choi < g—n(1-log(1+3p)— )
" - log(n/e)
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Based on Egs. (75) and (76), there exist regimes of p,
encoding rate k/n, and ¢ such that

lim EUNgﬁ €Choi

n— o0
1k
. . £\ 8D(—" llp)+o(1)
> lim min n(—) , (1) ¢ = Q(D),
n—oo n
(77)
lim Ky gt €choi
n— o0
PRI
< lim [270-letes=h f 28T g (78)
T n—oo 10g(7l/8)

A explicit example is when p = 0.25, k/n=0.2, ¢ =
n~937 In this case,

EU~Gf€ChOi > min{no'”, Q(l)} = Q(l), (79)

Ey~es€cnoi < n~ 0023, (80)
Thus, given p = 0.25 and k/n = 0.2, the block-encoding
method requires a smaller ¢ to make the Choi error vanish,
inducing a deeper circuit depth. Hence, we demonstrate
that the required circuit depth of € is lower, and the Choi
error is also lower.

We show the full analysis of the regime where Egs. (77)
and (78) hold in the Appendix. One can also find the
regime where lim,_, o (Ey-e¢t€choi /EUNGngChoi) =0. In
this regime, the double-layer blocked scheme outper-
forms the separate block approach. Thus, the double-layer
blocked encoding scheme is proven to have an advantage
in certain error regimes against erasure errors. We expect
this result to hold for more generic noise models, which is
numerically verified for local Pauli noise [23]. We provide
more details and discussions in Appendix B 13.

The above comparison can be generalized for 1D brick-
work circuits B and block-encoding ensemble G, where

the former is upper-bounded by 0((s/k)"/4k*%). Evalu-
ating the regime where this upper bound is smaller than

n (e/n)SD(lTn”””o(l) suffices for showing the advantage
for B. Clearly, when the encoding rate k/n is a small
constant, B will outperform the block approach.

One can observe that the advantages of € and B are
both manifested in the low encoding rate regime. This
phenomenon is expected to be related to the stronger
scrambling power of € and B compared to GZ. If the
encoding rate is large, like 0.5, a one-layer gate suffices
to scramble the logical information to the whole system to
protect it. A stronger scrambling power will be useless. In
contrast, when the logical qubit number is small, € and B
can scramble their information to the whole system faster
and then manifest an advantage.

G. Approximate quantum error correction and
decoupling for arbitrary input states

We have previously established decoupling theorems
for codes from € and ‘B with input states that exhibit
a product structure across different regions. Using these
theorems, we demonstrated the AQEC performance of
random codes with the maximally entangled state, corre-
sponding to the case of random inputs. In this part, we
extend these results to show that similar decoupling the-
orems and error-correcting properties hold for arbitrary
input states.

We begin by noting that if a unitary encoding U achieves
a small Choi error, it also produces a comparably small
recovery error for any input state when the encoding oper-
ation is combined with a local random unitary operation.
Specifically, we select the local random unitary to be a ran-
dom Pauli matrix and define the encoding and decoding
operations as

Ep(y) = UL(PY P, ®10)(0]5,1U, (81)
Dp(yr) = PD(Y)P". (82)

Such a random Pauli encoding twirls the original chan-
nel DoN o€ into a Pauli channel, ensuring that the
Choi error provides a lower bound on the recovery error
for arbitrary input states. We establish this result using
entanglement fidelity.

Proposition 1 (Recovery fidelity via Pauli twirling).
Consider an encoding and decoding procedure D o N o €
with entanglement fidelity Fcpoi. For any input state v g,
we have

EpF (YR, [(Dp o N 0 Ep)r @ IRI(Y1R)) = Fehois (83)

where the expectation [Ep is taken over all Pauli matrices
P uniformly at random.

Proof sketch. Applying Uhlmann’s theorem [27,84],
we express the fidelity of the two states in terms of the
fidelity between corresponding purifications. By perform-
ing a Pauli twirl on these purifications using random
Pauli matrices, we reduce the expression to the entangle-
ment fidelity, thereby establishing the lower bound. See
Appendix B 11 for the detailed derivation. |

The encoding and decoding procedures using random
Pauli matrices are independent of the input state; thus,
they consistently provide high recovery fidelity for arbi-
trary input states. This quality offers additional insight into
the AQEC performance of random codes. We define a uni-
tary ensemble to be right-invariant under Pauli matrices
if, for any Pauli gate P and unitary U € 4, the probability
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pu(U) of drawing U from 4l is the same as the probability
pu(UP) of drawing UP from 4,

ru(U) = pu(UP). (84)

The Pauli twirling operation is naturally incorporated in a
right-invariant ensemble without incurring additional over-
head. Consequently, we expect such an ensemble to exhibit
robust AQEC performance for any input state. Consider
the recovery error €, for an arbitrary input state ,

€y = H}gnP(WLRa [(DoNo&) ®LRI(Y1Rr)). (85)
A direct consequence of Proposition 1 is that the expected
recovery error for any arbitrary input state is bounded
above by the expected Choi error for any right-invariant
unitary ensemble L1,

Corollary 8. 1f the unitary ensemble 4l is right-invariant
under Pauli rotations, then for any state i g, the average
error [Eg e, does not exceed the average Choi error,

Eyey < Egyechoi- (86)

Proof. This comes from direct calculation,

]Euéw
=[Eg T%HP(WLR, [(DoN o0& RRI(Yir))

= EyEp mgnP(WLR, [(DoN o0& ®II(PYLrPT))

< EyEpP(Yir, [(DY o N 0 E), @ Ig](PYirPT))
= EyqEpP(Yrr, [(Dfao) oN 0 &p)r ® IR1(YLR))

< Eyécnoi- (87)

The second line follows from the fact that L[ is right-
invariant under Pauli matrices. In the third line, we choose
DY () = PDO ()P as the recovery channel, where
DO is the optimal recovery channel that maximizes the
entanglement fidelity of D o N o £. This inequality holds
because the specific recovery channel D,(JO) cannot have a
smaller recovery error than the optimal recovery channel.
The fifth line comes from Proposition 1. |

The recovery error for arbitrary input state established
in Corollary 8 is closely related to the decoupling between
the reference system and environment, as described by
the complementary channel formalism [see Egs. (31)
and (32)]. The recovery error can be expressed as

€y = m{inP ((/\//C>\5L—>E ® IR)(YLR), e ® trL(lﬂLR)) ,
(88)

where a low value of €, indicates that (m I>E®
Ip)(YLr) is close to a tensor-product state (g ® trz (Yrr).

By Combining Eq. (88), Eq. (15) with Corollary 8, we
conclude that the environment is approximately decoupled
from the reference system, with the closeness bounded by
the Choi error.

Proposition 2 (Decoupling for arbitrary input states). 1f
the unitary ensemble 4[ is right-invariant under Pauli rota-
tions, then for any state i g, the expected closeness of
decoupling is bounded above by the expected Choi error,

Eyg~s rrrlén INs— e[Us (¥R ® [0XOlg\z) UE] — 7 Q prll1

< 2Eyg~s(€choi- (39)
Here, €cpoi represents the Choi error for the unitary encod-
ing Us under the noise channel V. The coefficient 2 comes
from the relationship between the 1-norm distance and the
purified distance.

Note that the ensembles € and B are right-invariant
under Pauli rotations. This decoupling result extends the
established decoupling theorems, Theorem 1, Theorem 2,
and Theorem 3, by eliminating the requirement for the
input state to be in a tensor-product form. Different from
the previous two theorems, the environmental state tz does
not have an explicit form in this generalization.

Note that the state in Proposition 1 is arbitrary.
One can take the minimal one over all states. Then,
miny EpF (Yir, [(Dp o N 0 Ep) @ IR](Y1r)) is close to
1 when the Choi fidelity is close to 1. We remark that
although the encoding and decoding procedure £ and Dp
do not depend on the input state, the recovery fidelity
derived in Proposition 1 do not provide a bound for the nor-
mal worst-case fidelity or worst-case error. The definition
of the worst-case error requires the encoding and decoding
operations to be fixed, without any probability mixing,

Fyorst = max min F (prr, [(D o N 0 &), @ Ir](p1r))
D RpLR

2
1 —F worst

= min IlglﬁP (oLr, [(D o N 0 &) Q@ Ir](p1R)) -
(90)

€worst =

That is, Fyors; is defined for a specific encoding £. In con-
trast, miny EpF (Y, [(Dp o N 0 Ep)r @ Ir](Y1r)) con-
siders an ensemble of encodings and decodings {Ep, Dp}p
and shows that this ensemble achieves high expected
recovery fidelity for any input state. The worst-case fidelity
is not guaranteed for a particular choice of Ep.
Nonetheless, when the Choi error is small, it can be
shown that there exists a code subspace that exhibits good
worst-case error for a fixed encoding procedure. Specif-
ically, we use the code space C = span{Us|i); [0)g}
spanned by the logical state to represent a coding scheme,
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and the worst-case error is only dependent on C. It has been
shown that when the Choi fidelity of the original encoding
is 1 — ¢, there exists a large subcode C' C C such that

1
dimC' > b dimCJ, 1)

and the worst-case fidelity for this subcode satisfies [26]

Fyorst(C)) > 1 — 2€. (92)

This implies that as long as the Choi error of the encod-
ing is small, the worst-case error in a large subspace
C' C C is also small, thus ensuring good error correction
performance over a significant portion of the code space.

V. LOWER BOUND OF CIRCUIT DEPTH IN AQEC

After establishing the AQEC performance of a
logarithmic-depth circuit for local noise, we now derive
lower bounds on the circuit depth required to achieve good
AQEC performance. Here, we focus on the lower bound
for local Pauli noise, specifically i.i.d. depolarizing noise,
which can be easily extended to other local noise models.
We show that the scaling of circuit depth in the double-
layer blocked encoding € and 1D brickwork encoding ‘B is
asymptotically optimal. Our analysis also provides a gen-
eral result encompassing both D-dimensional and all-to-all
circuit architectures.

Theorem 4 (Lower bound for circuit depth). For a cir-
cuit U that encodes k logical qubits with depth d, if
U has a Choi error € < 0.1 against the strength-p local
depolarizing channel, then:

(1) If Uis a D-dimensional circuit, then

d)P log (g) + 2D log(2d) > log (8 2 )

€Choi
+logk.  (93)
In the large n and d limit, this implies
1/D
1| log (8%2) + logk
d> (94)

2 (1 +o(1))log (%)

(2) If U is an all-to-all circuit, then

1 3
2910g (-) +2d > log ( - ) +logk. (95)
p 8EChoi
In the large n and d limit, this implies
log (8%2) + logk

d > log
(1+o(D) log (1)

(96)

Proof sketch. We outline the main idea of the proof and
refer to Appendix D for detailed arguments. The proof
leverages the analysis of the light cones of each qubit
within the circuit. For a circuit of depth d, the light cone
of each qubit is bounded by a size M that depends on the
circuit depth d and circuit architecture. For instance, in a
1D circuit, M = 2d.

We first prove that there exist at least k/M? logical
qubits with disjoint light cones, and we denote this sub-
set as J. That is, the light cones of any two qubits in J do
not intersect with each other. If any of these light cones are
totally affected by noise, then any recovery channel can-
not have a small recovery error. Since the light cones in J
are disjoint, the events of them being totally affected are
independent. The probability that none of these light cones
are completely traced out and replaced by the maximally
mixed state is upper-bounded by

PNone =< (1 _PM)IJ‘- (97)

We also prove that the Choi error is lower-bounded by
the probability that at least one of these light cones is
entirely traced out,

2

3
€ = Z (1 _pNone) . (98)

Using standard inequalities and substituting M with a
function of the circuit depth d that depends on the circuit’s
structure, we derive the desired lower bounds on the circuit
depth. |

The light-cone argument has been utilized in previous
works to establish lower bounds for quantum error-
correcting codes, such as determining the number of phys-
ical qubits required for fault-tolerant quantum computation
[38] and the circuit depth necessary to achieve specific
subsystem variance properties of codes [30]. In our work,
we extend these lower bounds by considering the AQEC
performance under a practical noise model, specifically
establishing circuit depth lower bounds under local noise.
While our results are derived for local depolarizing noise,
they can be easily extended to other error models. Further-
more, our analysis applies to arbitrary circuit architectures
characterized by an adjacency graph G. In such cases, the
upper bound M on the size of the light cones depends
on both the circuit depth and the adjacency graph, M =
M(G, d), while the remaining parts of the proof remain
unchanged.

Using Theorem 4, we now show that the circuit depth
scaling of € and ‘B is optimal up to constant factors.
Theorem 4 shows that the depth of a 1D circuit should be
Q (logn) to achieve a polynomially small Choi error or a
constant encoding rate. Meanwhile, 1D circuits € and B
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can achieve such error scaling and encode £ = ®(n) logi-
cal qubits with circuit depth O(log n). The depth is optimal
up to a constant factor.

Moreover, 1D double-layer blocked circuits € are nearly
optimal for achieving the hashing bound, as the circuit
depth w(logn) given in Corollary 2 is close to the lower
bound 2 (logn) given by Theorem 4. The scaling w (log n)
arises from suppressing errors in AEP concentration, sug-
gesting that improving the circuit depth scaling to O(log n)
may be inherently challenging. Exploring potential meth-
ods to enhance this bound is an interesting question for
future research.

Moreover, we can implement the codes from € using
an all-to-all circuit architecture to further reduce the
circuit depth. In an all-to-all architecture, any &-qubit
Clifford unitary can be implemented in O(logé&) depth
with O(£?) ancillary qubits [85,86]. Consequently, the
Clifford encoding € can be realized with a depth of
O(log&) = O (loglog (n/€)), utilizing a total of O(n&) =
O (nlog(n/e€)) ancillary qubits. This encoding scheme
effectively encodes k& = O(n) logical qubits with a cir-
cuit depth of O (loglog (n/€)), which is comparable to
the circuit depth lower bound 2 (loglogn) established in
Theorem 4. This comparison indicates that our results
provide a tight lower bound applicable to a broad range
of circuit architectures. Notably, in such an all-to-all
encoding strategy, the encoding rate becomes O (k/n&) =
o (log*1 (n/e)), which has a gap to a constant encoding
rate. Whether all-to-all circuits with O(log log n) depth can
achieve a constant encoding rate while maintaining good
AQEC performance remains an intriguing direction for
future research.

VI. CONCLUSION AND DISCUSSION

In this work, we establish the AQEC performance of 1D
logarithmic-depth encoding circuits with brickwork and
double-layer blocked architecture against a wide range of
practical noise models. We show that logarithmic depth
is both necessary and sufficient to achieve a constant
encoding rate and error-correcting capability while keep-
ing the AQEC error polynomially small. In particular, we
prove that for the double-layer blocked circuit, w(logn)
depth suffices to achieve the well-known hashing bound
under local Pauli noise and the channel capacity under
local erasure errors. Although the double-layer blocked
circuit is shown to be able to form an approximate design
[33] with a polynomially small error, our analysis does
not rely on this property. The decoupling theorem for
approximate designs [64] generally requires an exponen-
tially small error to achieve a negligible decoupling error.
This raises an interesting question of whether more gen-
eral conditions, such as forming an approximate design
with polynomially small error, suffice to ensure good
AQEC performance for random codes. Meanwhile, one

TABLE 1. The table summarizes the circuit depth scaling of
three types of circuits with respect to decoupling against local
and weakly correlated noise, as well as their approximate design
properties. The second column presents our results on decou-
pling. The third column reports results on approximate designs,
while the second row indicates areas where further improvements
are possible.

Decoupling Approx. design
1D brickwork ®(logn) O(n) [31,32]
1D Double-layer blocked ®(logn) ®(logn) [33,34]
All-to-all O(loglogn) ©(loglogn) [33,34]

can further unify the properties of approximate design and
decoupling as the scrambling power of a random circuit
ensemble and investigate more properties of ¢ like out-
of-time-ordered correlation [87,88]. For clarity, Table I
summarizes the depth scaling of two classes of 1D circuits
and all-to-all circuits with respect to decoupling and design
properties.

We also introduce a random Pauli rotation before unitary
encoding to show that approximate decoupling and small
recovery errors are maintained for arbitrary input states.
Developing new techniques to bound the worst-case recov-
ery error for random codes without resorting to random
Pauli matrices, possibly by further exploiting the internal
structure of these encoding circuits, remains an interesting
avenue for future work.

Moreover, exploring low-depth circuits in higher-
dimensional architectures, such as 2D or all-to-all circuits,
is also important. With improved connectivity in these
architectures, the required circuit depth can be expected
to decrease. For instance, as discussed in Sec. V, all-to-
all circuits can use O(nlogn) physical qubits to encode
O(n) logical qubits with O(loglogn) circuit depth while
preserving good AQEC performance. An intriguing ques-
tion is whether the encoding rate can be made constant
in the all-to-all circuit while still achieving good AQEC
performance. Additionally, it is interesting to investigate
whether the hashing bound for 1D circuits can be improved
from w(log n) to O(log n). We also conjecture that, in a D-
dimensional circuit architecture, circuit depths on the order
of O ((logn)'/P) suffice to achieve a constant encoding
rate and error-correcting capability in the AQEC setting.

It is worth noting that working with AQEC instead
of focusing on the exact code distance offers promising
avenues for improvements in various aspects of code per-
formance such as encoding power and logical operation
sets. For example, AQEC may allow enhanced param-
eters for geometrically local codes beyond known fun-
damental limits such as the Bravyi-Poulin-Terhal bound
[89]. Moreover, certain covariant codes under AQEC pos-
sess a continuous set of logical operations, a feature
that is highly desirable for fault tolerance [22]. Beyond
evaluating AQEC performance, achieving fault-tolerant
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implementations of codes from low-depth Clifford encod-
ing circuits [13] is also crucial in practice, which requires
further analysis of the fault-tolerant implementation of
quantum gates and the development of improved decoding
algorithms for such codes.

Beyond AQEC, our analysis of 1D random circuits
extends the previous domain-wall technique [32] and can
be applied to study other properties of random circuits,
such as their generic second-moment behavior [90,91].
We have developed decoupling theorems for low-depth
circuits, which potentially have important applications in
quantum information theory [63,92]. Decoupling theorems
have applications in quantum communication tasks like
quantum state merging [93] and in quantum cryptogra-
phy, such as privacy amplification [94]. We also envision a
wide range of exciting applications in many-body physics
and quantum thermodynamics [95,96]. For instance, a lin-
ear number of random erasure errors can be corrected,
implying that the subsystem of a 1D log-depth circuit state
is highly likely to thermalize. Our results may also offer
insights for studies of the black hole information paradox
[54] and quantum many-body entanglement [97].
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APPENDIX A: QUANTUM ENTROPIES AND
DECOUPLING THEOREMS

In this Appendix, we review the related concepts of
quantum entropies and the decoupling theorem, which is
an important tool for analyzing the AQEC performance
of random circuits. First, we introduce several important
entropies that we will use. Here, we mainly consider the
sandwiched conditional Rényi entropy [98],

H}(A|B), = —Da(paslLs ® pp), (AD)
where D, denotes the sandwiched Rényi entropy,
~ 1 l—a l—a
Dalpllo) = —— logtr{(0 2« po 2 )], (A2)

Here and in the whole work, the base of the logarithm is
2. The notation of |, in H}(A|B), is used to distinguish it

from another definition of sandwiched conditional Rényi
entropy,

H](41B), = —infDa(panlls ®0p).  (A3)

Clearly, H(4|B), > H}(A|B),, and these two quanti-
ties are different in general. When o takes value oo, 2,
and 1/2, we get the conditional min-entropy, the condi-
tional collision entropy, and the conditional max-entropy,
respectively, as shown below.

Definition AI. Given a quantum state pap, the condi-
tional min-entropy of 4 given B is defined as

Hyi\(41B), = sup{h € R : 27" -1, ® pp — pas > 0},
(A4)
H. (4B), = supsup{r e R: 27 ., ® o3 — pap = O};
K (AS)
the conditional collision entropy of 4 given B is defined as
S 41B), = —log (L4 ® pp) ™" pas (s ® p)™/*)'],
(A6)

H1U1B), = sup — logtr [((]IA ® o)1/
op
_ 2
x pap(ly ® o)) ] ; (A7)

and the conditional max-entropy of 4 given B is defined as

A}, (4]B), = 10g F(pap, L4 ® ps)*, (A8)
H} . (41B), = suplog F(pa, 14 ® op)>. (A9)

OB

When o goes to 1, I?J / ¢(A|B)p will converge to the

conditional von Neumann entropy, which is defined as

H(A|B) = H(AB) — H(B), (A10)
where H is the von Neumann entropy with H(p) =
—trp log p.

We also consider the smoothing version of the condi-
tional entropy. We call two quantum states p and o §-
close if their purified distance P(p,0) < §, and we denote
B(p) = {p',P(p’, p) < 8} as the set of all §-close states
of p. Then, we have the following smooth conditional
entropies.

Definition A2. The §-smooth sandwiched conditional
Rényi entropy of A given B for state pap is the max-
imal sandwiched conditional Reényi entropy of states in
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B’ (pap):
HY¥AB),= sup HYA|B); (A11)
PABEB (pAR)
H!*(4|B), = sup H!(4]|B),. (A12)
PABEBS (pAB)

Particularly, the §-smooth conditional min-entropy of A
given B is defined as

H? (41B), = sup H' (AB);, (A13)
PABEB? (pAB)

H (41B), = sup H!. (A|B);; (A14)
PABEB? (pAB)

the -smooth conditional collision entropy of 4 given B is
defined as

HAB), = sup Hy(A|B), (A15)
PABEB? (pAB)

H’AB), = sup H](A4|B);; (A16)
PABEB? (pAB)

and the §-smooth conditional max-entropy of 4 given B is
defined as

HE B, = sup H, (4B),, (A17)
PABEBS (pABR)

HY (4B, = sup H! _(A|B);. (A18)
PABEBS (pAR)

Below, we list several relationships among different
entropies.

Lemma Al (Corollary 4 in Ref. [99]). Given quantum
state pap, we have that Hy (4|B), > H. (4|B),.

min

Based on Lemma A1, we have fy° (4 1B), = HY (4 1B),.

mln
Meanwhile, since D is monotomcally increasing in o

[100,101], we have:

Lemma A2. Given quantum state pag, we have that
Hy(A1B), < Hiux(A|B), < Hhax(41B),.

Thus, Efzw(A|B)p < ?Ililgx(A|B)p. Note that the condi-
tional min-entropy and the conditional max-entropy both
have an asymptotic equipartition property [102,103], as
shown below.

Lemma A3 (AEP [102,103]). For quantum state papg,
we have

1
lim lim HT 2(A|B) pon =

§—>0n—o0

H(A|B),, (A19)

1
lim lim HT‘S (A|B) yen = H(A|B),.

§—0n—00 max

(A20)

Since
have

° (4B), < Hy’(4|B), < HYw(4|B),, we

m1n

1
lim lim H¢ (A|B) pen =

§—>0n—o0

H(A|B),. (A21)

More exactly, for any 0 <§ <1,

-3 log<1 — V1= 62), we have that

as long as n>

1~ 1 4logy logal2
—H (A|B) en > H(A|B), —

—_— . (A22
mlIl ﬁ ( )
1~ 4logy,/log 5%
—Hntix(A|B>p®n <H(4|B), + S (A23)
where
y < \/ 2l B, \/ 2R AB, 4 1. (A24)
Thus,
4logy,/log 5%
HA4B), — ————
( | ),0 \/ﬁ
1~ s 4logy logt%2
< ;Hz (A|B)en < H(A|B)) + ——F—.
(A25)

Below, we present a lemma for calculating quantum
conditional entropies with the purification of a quantum
state.

Lemma A4 (Dual relations for quantum conditional
entropies, Theorem 2 in Ref. [99]). Given tripartite pure
state ppc with reduced density matrices on system 4B and
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AC as pap and p4c, respectively, we have that

(A26)

~ 1
Hy (A1B) ppp = — log tre((trapc)®).

oa—1

In Ref. [63], the authors prove a decoupling theorem,
which describes how the two systems are decoupled after
one system is acted on by a random unitary and a channel.
This theorem is useful in analyzing the performance of a
random quantum error correction scheme, which is shown
below.

Lemma A5 (Decoupling theorem [63]). Given quantum
state psr and quantum channel 7g_, g, denote the reduced
density matrix of psg on system R as pr and the Choi-
Jamiotkowski representation of 7g_, g as tsg with reduced
density matrix on system £ as tz. We obtain that

Evmss, | Ts £(Uspsr UL — 72 ® prll:

S 27%[7:[;(S|R)pSR*%ﬁ2T(S|E)fSE (A27)

and

Eu~s, ||TS—>E(US,OSRU;) — 17 ® prll1

< 2 3SR 3 S IBesy L 125, (A28)
where K.y, denotes the expectation over the Haar-
random unitary operations. This result also holds for a
unitary 2-design group instead of 1, [64].

The term ﬁzT (S|R) sy characterizes the initial correlation
between the system and the reference part, and FI; (SI1E) g
characterizes how the channel 7g_, p preserves the corre-
lation. When applying the decoupling theorem to AQEC,
one can view the state pgg to be the initial logical state, the
unitary operation Uy to be the encoding map, and the chan-
nel 75, g to be the complementary channel from system to
environment. Then the decoupling error on the right-hand
side can be viewed as the Choi error.

If the system is twirled by an s-approximate 2-design G
instead of 4l,,, we also have a result [64].

Lemma A6 (Decoupling theorem for an approximate
2-design [64]). Given quantum state psg and quantum
channel 75, g, denote the reduced density matrix of psg
on system R as pg and the Choi-Jamiotkowski representa-
tion of 7y_, ¢ as g with reduced density matrix on system

J

E as tr. We obtain that
IEU~6||TS—>E(US/OSRUZ) — 1 @ prll

< J1 4+ 46 |S]*2 i IRosp ~ 1 S1EDrs,

where Ey.g denotes the expectation over G, and ¢ is the
additive error of the approximate design.

(A29)

Due to the coefficient 4¢ |S|*, for a k-qubit system S, ¢
needs to be exponentially small with & to make the decou-
pling error vanish. Thus, an approximate 2-design ensem-
ble with polynomially decreasing error is not guaranteed to
have a good performance in quantum error correction.

In this work, for the collision entropy, we will usually
consider the case of arrow down. For the min-entropy and
the max-entropy, we will usually consider the case of arrow
up. For simplicity, below without additional clarification,
we denote

Huin(4|B), = H, (41B),, (A30)
Hy(A|B), = Hy (4|B),, (A31)
Huax(A|B), = H], (4]B),. (A32)

The smooth conditional entropies are modified corre-
spondingly.

APPENDIX B: DECOUPLING THEOREM AND
AQEC FOR 1D DOUBLE-LAYER BLOCKED
LOW-DEPTH CIRCUITS

In this Appendix, we first prove the nonsmooth decou-
pling theorem or Theorem 1 and then use Theorem 1 to
prove the smooth decoupling theorem or Theorem 3. Then,
we apply the decoupling theorem for 1D double-layer
blocked low-depth circuits to local and correlated noises.
After that, we prove the AQEC performance against the
fixed-number random erasure errors for 1D low-depth cir-
cuits. Subsequently, we give the proof of Proposition 1.
We also present the AQEC results with random Clifford
encoding and block-encoding methods as a comparison.

1. Proof of nonsmooth decoupling theorem or
Theorem 1

Proof. Based on Lemma 1, for any quantum states og €
D(Hg) and ¢r € D(Hp),

2
||7.—S‘—>E(US,OSRUI*) -1 Q prll1 < \/tr[<((7E ® CR)_1/4(73*—>E(US,OSRUE) — 15 ® pr)(0E ® CR)_1/4> 1. (Bl
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We define completely positive map 7}_,5 =0y VAT k

op Y% with the corresponding Choi-Jomiotkowski repre-

sentation Tgg = og”“rswg”“ and psp = {R_IM,OSRQ;IM.
Recall that S = S1S2 . -S2N and R = R[Rz . -R2N. In the
following, we may use 4 C [2N] or S4 to represent the

subsystem [ J,.,S;. Also, psr has a structure of tensor

product, psg = ®1251 ps;r;- Below, we let ¢z also have a
tensor-product structure,

N
Cr = ® LR
i=1

Thanks to the tensor-product structure of psg and ¢z, we
have that

(B2)

2N

ﬁSR = ® ES,'R,')

i=1

(B3)

~ —1/4 —1/4
where pg;r; = G, / PsiR; SR, "
We then get

I 75— £ (Uspsr Ug) — & @ prlli

~ 2
< \/tr [(%AE(US,OSRUE‘) —TE® ,OR) ] (B4)
Using Jensen’s inequality, we have that

Eull Tso £(Uspsr UL — 72 ® prll:

~ 2
< \/IEU'[r [(%HE(US};SRU;) - TE® 513) } (B5)
Below, we focus on the term inside the square root,
~ a2
Eytr [(73—>E(US/05RUS) —TEQ® /0R> :|

T ~ )’ ~ ~ \2
=Eytr [(TS—>E(US/OSRUS)) ] + tr[(Tg ® Pr)7]
— 2By trZs £ (Us sk Uj;)(?E ® or)]- (B6)

Since U is randomly sampled from €7, which forms a
unitary 1-design, we have

EU?&»E(UsﬁsRUg) =Tr ® Pr (B7)
and

tr[(Te ® Pr)*] — 2By tr Zs— £ (UsPsr U (T ® B)]
= —tr(T) tr () (B8)

~ N
For the remaining part Ey tr |:(TS_>E(U5,55RU§)) ], we

use tr 4% = tr A®?F to evaluate it with F a SWAP operator

and separate the two layers of the encoding unitary gate.
Then,

~ ~ o 0\2
EUtr[<TS‘—>E(USPSRU5)> ]
= trs(By, [US* By, (Ut (P5a Fr) U210
x (I3, & (Fr))

= trs (MM (tr (B Fe) (T5 p)®* (F)),  (BY)
where U; and U, are the first and segqnd layers of the
encoding unitary U, respectively, and 7, is the adjoint
channel of 75_, ;. We also define M; = Ry, US - U,T®2 as
the second-order twirling operation of layer i. Thus, the
key technical part is to evaluate the action of MM, .

Note that when & = 1, U; is generated by two-qubit
gates. In this case, (M, M) simulates 2[-depth 1D brick-
work circuits [32]. In this part, we focus mainly on the
double-layer blocked structure and / = 1, which enables a
simpler evaluation. The case of 1D brickwork circuits can
be analyzed using the domain-wall approach [32], which
we will discuss in Appendix C.

In the following, for simplicity, we set Osgr =
trr(0ee Fr) and Osg = (’T'ST_) 22 (Fg). We also denote
OS,-R,- = trR,- (5.%123,FR1) Thus, OSR = ®i OSiRi' Our task is
to evaluate tr(M,M;(Osr)OsE).

Note that S = 515, ---Soy and R = RyR; - - - Ryy. Based
on Eq. (51) and the tensor-product structures of U;, we
have that

M;(Osp) = EUl[U?ZOSRUJ{(gz]

1
= Tm2%\2 _ 1IN Z
[(255)> — 1]V _
7 {IQLFQF}®N

7 e{IRLFQF}®N

tr(Osrgy) ¥

7. (B10)

Here, I is the identity operation on two copies of a sub-
system i, and F is the SWAP operation on two copies of a
subsystem i; ¥ can be viewed as a vector with 2N com-
ponents. The j th component of g5, denoted as g,, satisfies:
Ly Oy =IRI-2"%FQFifyy 1@y =111,
and gy, | ®8y, =F@F —27%*I®lifg,  ®g, =
F ® F where y; is the jth component of y. Using Osg =
®), Os;z;, and Lemma B1 below, it is straightforward to
upper bound the coefficient c;,

[y T Osegy) = @7H)Mr(Osk)

= 272"tr(OspY).

cy =

(B11)
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Lemma Bl (Lemma 3.6 in Ref. [63]). Given a Hilbert space Hag, let oap be a non-negative operation on Hag. We
have that

1 tr(p?
L _moae) _ 1y (B12)

4l — w(pp) ~
The proof of Eq. (B11) is mainly based on
tr(Osy_1Ry_y ® Osyiy, @ T —=27%F @ F)) = tr(Bz,, , Prp,) — 275 05y, py, Psiiyy)
< (1= Q@79 tr(Bry,, Py, B13)
tr(Osy_ Ry_y ® Osyryy (F @ F = 2751 @) = tr(B5,, g, Poyiry) — 2% 0 (Bry, , Bry)
< (1= @) (85, ryy, Psyy)-

where the inequalities are based on Lemma B1.

The next step is to evaluate MM, (Osr) = Z}; c);Mz(?). Based on the tensor-product structure of U,, we can analyze
the action of each block part of M, on 7. Since Uy = @' Uz, M can be written as Q"' M2+ where M2/2+!
is the second-order twirling operation on subsystems $5;5,;,1. Based on Eq. (51), the action of M?*?*+1 on (I, F}®? is

M (T @ Thiyy) = 1oy @ Doy, (B14)
M2 (Fy @ Faiy) = Fay @ Faig1, (BL5)
M2 Iy @ Faist) = 1l ® Lot + Fai ® Faigr), (B16)
MP2HN(Fy @ Toir) = n(ly @ Toig 1 + Fai ® Faig). (B17)

Here, n = 25 /(2% + 1). Note that only if y»; # y2ir1, M??+1! can alter y.

Note that y € (I® I, F ® F}®¥. We always have y»_; = y»;. Given a vector y € {(I® I, F ® F}®V, we count all
indexes j such that y»; # y»;41 and denote this set as G = {ji, 2, .. .,Jj,}. Obviously, 0 < g < N — 1, and there is (N 1)
choices of G after fixing g. We also denote the index set A = {2/,2j + 1|j € G}. We also define S4 = J,. 4 Si and
S i = UiciSi- Then, M, only alters y within the support of S4 and leaves the remained part unchanged. We use y 5 to
denote this unchanged part. Then,

M) =172 ® QU @ Ly11 + Fyy @ Fayp). (B18)
jeg

Thus, the final target can be evaluated by

tr(M>M; (Osr)Osg)

> e tr(Ma(7)Os)

Y e(IQLFQF)SN

N—-1
DY) ey tr(My($)Osk)

y1=LF g=0 G

Z 277 chtr VA®®(]I2/ ® Iyji1 + Fy ® F2;41)0sk | . (B19)

y1=LF g=0 Jj€g

Note that given a vector y = F4 ® I;, we always have
(7 Ose) = (T2, () Fp)
=2"uw(TQF @ 1; ® Fr)

= 2 trAE(tr/]TSE)
> 0. (B20)
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Thus, using Eq. (B11), we have

tr(Ma M1 (Osr)Osg) < Z Z n® Z 27" tr(Ospy) tr | Y4 ® ®(H2j ® Ij 41 + Fyy ® Fy4+1)OsE
y1=LF g=0 G jeg

< 27 (tr(OsrI®*™) tr(OsgI®*Y) + tr(OspF ) tr(Ose F#2))

+ )¢ o—2n max tr(Osrya ® ¥ ) tr(Osey’y @ v's)
yIX]I:F gX; Z Ya=vAY ' IBLFOF)®E A A®Y 4

< tr(rE) tr(po; ) + tr(rSE) tr(,oSR)

. . tr(Os.x.72)
+ 3 Z(zn)gzz—z" max tr(Ospy") tr(Osgy ') ——A-A 2

/= . ®g tr RV
JIF g Y4=vAY ;ISLFOF) (Os ;R Y7

< tr(rE) tr(po; ) + tr(rSE) tr(,oSR)

+ m tr(Os;r, 1) tr(Os;r.F) \ \*
2 ’ 2 : t 0 ! 0 < ( ‘) l IF ’ (’l l >>
mXH:FgX;( m) Z . ax (r( srY)r(Osgy)) a T OsF)’ T(Osn )

< tr('cE) tr(po; ) + tr(rSE) tr(,oSR)

- tr(OS.R.]L‘) tr(OS.R.F,») g N —1 ) N N
2 2 i1 , i 2 nt 0 t 0
" gz_l ( T <tr<0s,.R,.Fi) (O, 1) g ) MpE T O wOsey))

= tr(T}) tr(pp) + tr(T3) tr(Pg)

N—1 ~ ~ g
tr(pz) tr(ogg) N —1 - -
+2 E : (2’7 max ( "QRI , S ( g ) max (trag (tr;0sr)” trap (tr;7se)?)

o tr(p5)  tr (Bg,) AC[2N]
— ~2 ~ o~ 2 ~ \2
= tr(T7) tr(Pp) + tr(T3:) tr(Pag) + CAl‘él[%](trAR(trA Psr)” trag(trjTse)”), (B21)
where
N—1
tr(p32) tr(p2.)
c=2 I + 2n max | max (N[;R’) , pf’QR’ —-1]. (B22)
! tr(pSiR,v) tl‘(pRi)
Consequently,

H‘3U||TS—HE(US,OSRU;) — 17 ® prll

~ a2
< EUtr[(IZ.—S‘ﬁE(US,OSRus) —TE® ,OR) ]

< \/ —tr(T3) tr(P3) + tr(TP) tr(p3) + tr(T3) tr(pag) + CATQ[%](UAR (tr;Psr)? trag (tr;Tsg)?)

< \/ tr(T3) tr(pag) + ¢ Afél[%] (trar (tr;0sr)? trag (tr;Tse)?). (B23)

Note that psp = ®l22’1 Ps;z; and pgr, = §R_,» 1 4pSiRi§R_,- /4 We are free to choose any state as {p,. By the definition of
conditional collision entropy in Definition A1, we can choose ¢z, = pg, Or g = pr to let

tl‘(’,(sl%l.) _ 1,tr(,5§l.1gi) _ 2—H2(S5\Ri)ﬂsiRi . (B24)
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Thus,
trar(trifsp)” = trap (Fag) = 272¢4Pear. (B25)

Also, we can choose o = 1% such that

tr(77) = 1, tr(T3) = 27 Emse, (B26)
In this case,
trap(tr;Tse)” = trap(Tap) = 27 2UP e, (B27)

Finally, we get

EU”,ZTS‘HE(US/)SRU;) — 12 ® prll

< \/2—H2<S|E>TSE—H2<S|R>pSR T ¢ max 2~ HUIR R —HAIE) (B28)
AC[2N]
where
c=2 ((1 +2n mlglx(max(2_H2(Si|Ri)pSiRi, 22 SilRDog g y)\N=1 _ 1) . (B29)

: 2N ~ 2N ~ . ~
Furthermore, if 75y has a tensor-product structure, Zs_.r = @Qi_, Ts,—r,, then Tsg = Qi Ts,s, With Tgp =

—1/4 —1/4 .
T, TsE Ty - In this case,

Hy(AIR) pu = Y Ho(SilR) sz, » (B30)
ied

Hy(A|E) 1y = Y Ha(Si|Esg (B31)
icA

Thus, we get the following decoupling result:

IEU||TS—>E(US/OSRU§) — 7 ® prll

2N
< |2 2N H (SilEi)es,p. > H, SilRi)pg.p, +c 1_[ max(l, 5~ SED w5 5, ~Ha (SilRi)pg ). (B32)

i=1

Proof is completed. n

2. Proof of smooth decoupling theorem or Theorem 3

Proof. Theorem 1 already tells us that

IEU||'TS—>E(US,OSRU;) — 12 ® prll

N
< |2 P H2(5i|E,-),S[Ei—ZQ’1 Hy(SilRi)pg, g, + cl_[max(ljz_Hz(SﬂEi)rSiEi —Hz(Si|Ri)pSl.Rl.)’ (B33)
i=1
where
Hy (SiIR Hy(SiIR Nt
c=2 (1 + 2nmax(max (22 rse; MG l’ﬂ&-&))) —1}). (B34)
1

The remaining part considers the smoothing of the conditional collision entropy. Take P, € B‘S(,OSI.R,,) such that
Hf(S,-lR,»)pSl_Ri =H2(Si|Ri)/35iRl~ and Tsp; € B‘S(rsl.gl.) such that Hf(SAE;)TSl_EI_ =H2(S,‘|E,‘)fsiEi. By Eq. (15), we have
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||IOS[R[ - ﬁS,'R,'”l = 26 and ”tSl'Eg - fS,‘E,'”l = 28. Thus’

2N
2N 148 2N 178 § $
7 > HY (Si|Ei)rSl_Ei—Zi:1H2 SilRD)pg, g, + 1—[ ax(1 2—H2 SilEDg g, —H) (S,-|R,-)psl_Ri)
Ill b

i=1

2N
2N 2N
=N Hy (SHED e . — 2N Hy (SiIR)) 5 —H(S{|E) e . —H (SiIR})
2 Z,_l (Sl I)TSi€i Z,_l 2 (Sil l)pSiRi /l | (1’2 2(Sil I)TSiEi 2(Sil l)pSiRi)

i=1
> ]EU||7.—S‘—>E(US,5$RUI*) — 7 ® prlli

> ]EU||TS—>E(US,55RUE) — 12 Q prlli — 172 ® pr — T ® Prlli
2N
> ]EU||TS—>E(US,55RUE) — 1 ® prll1 — Z ITe, ® pr; — T, ® Pr:lIn
i=1
2N
> EullZs—r(UspsrUS) — 76 @ prll — Y _(lItg, — 25,111 + llor, — Az 1)
i=1
2N
> Bul| Ts- £ (UspsrUS) — 72 ® prlli — Y _(Itse — sl + losie, — Asie 1)

i=1
> ]EU||jTS‘—>E(USKSSRU3;) — 7 @ prll1 — 8N
> EUHTL%E(USPSRU;) — 1 @ prlli — EU”'ZAE»E(USﬁSRU;) - /de»E(USPSRUj;)“l
— Eull Tso £ (UspsrUY) — Ts—p(UspsrUS) 11 — 8N8,

where the coeflicient ¢’ is

N-—1
¢ =2 ((1 + 2 max(max(@ > asin; 2H2(S"'R”ﬁs,-Rl~))> - 1)
1

_H3 (SR 8(SiIR: N-l
=2 ((1 + 27 max(max(2 "2 (S’lRl)PsiR,-,ZHZ(SllR’)pSfRi))> —1]J.
1

r r rooi—l1 r
®Pi—®0i = Z@Pj ® (pi — o) ® ® of
i=1 i=1 1 i=1 j=I1 J=i+l |

r i—1 r

SZ ®Pj®(,0i—0i)® ®Gj
=1 || j=1 J=it] !
roi—1 r

<Y [Teilsollor=oilli TT llojlleo
i=1 j=1 j=i+l

.
< Z loi — oill1-
i1

Note that |4B]l1 < |4[1111Bllec and [|p|lcc < 1 for quantum state p.
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(B36)

In the derivation, we repeatedly use the triangle inequality of the one norm. In the fifth line, we utilize the fact that for
quantum states p; and o7,

(B37)
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Meanwhile, let 85y — 85z = Psr — psr where 8 and g, have orthogonal support and they are both positive. Since
the two have orthogonal support, we have

n 3 1 R 1 2N .
SR/ = sR) = FIIPSR — Psrill = 5 PS;R; — PSR II1 = .
tr(8 tr(8gg) 3 I I < 5 Z I I, < 2N§ (B38)
i=1

Thus,

EU||7A.—S‘—>E(US,5$RU;) - 7AE—>E(USPSRU;)||1
= Byl 75— £ (Ussx UY) — Ts- 5 (Uss 5y UD I
< EU||jTS‘—>E(US<SS+RU;)||1 + EU||7A§—>E(US5§RU§)||1
= Eytr{Zs. £ (Usd & UD1 + By [ Ts p(Usdp U]
= tr(8dz + gp)
< 4NS§. (B39)

— A

In the fifth line, we utilize that ’]A’S_> g 1s trace-preserving. Similarly, let A;E — Agp = Tsg — Tsg Where A;E and Ag have
orthogonal support and they are both positive. We also have

. B 1 |2 )
tr(Ag) = tr(A5e) = SlIse — wsell < 5 D s, — w5l < 2N8. (B40)

i=1

Meanwhile, we denote the Choi-Jamiotkowski representations of Ad; and Ag; as Dy, and Dy, respectively. Thus,

EU”'ZA’S»E(USPSRU;) - %»E(US,OSRUE)Hl
= Eul Dy, ;(UspsrUs) — Dy (Uspsr U Il1
< Byl DL, ;(UspsrUD Il + Eyll Dy, ;(Uspsr U I
= Eytt[D{, ;(UspsrUD] + Eyti{ Dy, ;(Uspsr U]
=t[Dy (H—S ® )OR)] +tr[Dg . (H—S ® ,OR)]
1S S|
= tr(Agg ® pr) + tr(Agp ® pr)

= tr(Agp + Agp)
< 4Ns. (B41)

In the fifth line, we utilize the 1-design property of the random unitary such that

I
EyUspse Uy = ﬁ ® pr. (B42)

Finally, we get

EU||7.—S‘—>E(US,OSRU§) — 1 ® prll1 < 16N§

2N
2 2.
4+ |2 Y HY SilEDzg,, B H} (Si1R) pg, . e l_[ max(1, 27H§ (SilEp) 5,5, ~H3 (SilRD) pg. . ), (B43)

i=1
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where
—~H2(SiIR) H2 (SiIRi) v
=2 (1 + 2pmax(max(2 2SR 202 ’”SiRi))> -1]. (B44)

Note that we can only smooth part of conditional entropies in the smoothing process. For instance, we only smooth
H,(S;|E;) while maintaining H;(S;|R;). Then, we get

EU||73‘—>E(USPSRU§) — 17 @ prll1 < 8N§

2N
4 2 Y HS (SilEi)rs . > H, SilR)pg, p, +c l_[ max(1, 2—H§ (SilEzs,p. ~Ha(SiIR) g ), (B45)

i=1

where
—Hy(SilR) pg.p.  AH2(SiIR) pg. o N
c=2 <(1 + 277 max(max(Z il i)'ni i,2 il i)pi l))) — 1) . (B46)

Similarly, we only smooth H,(S;|R;) while maintaining H,(S;|E;) to get

EU||73‘—>E(USPSRU§) — 7 Q@ prll1 < 8NS

ON
S 2N Hy (SilEi)es . —2N HY (SiIR) PSR 4 l—[ max(1, 52 GilED g g, —H (SilRD g, ), (B47)

i=1

where
_H3(SiIR)) HS(SIR;) Nt
=2 (1 + 2nmax(max(2 2SR 272 ’pSiRi))> —-1]. (B43)

The proof of the above formulas is the same as that of Theorem 3.

3. Proof of Corollary 1 by applying nonsmooth decoupling theorem to Pauli noise

Proof. We adopt the complementary channel to analyze the Choi error. Specifically,

€Choi = m{inP ((mLaE ® ]R) (’¢3><¢A"LR) STy ®Iy) <‘¢3><¢3‘ )) . (B49)

LR

Since Tf_)E maps all states to a fixed state ¢, (’TL;_)E ® Ir) <)<]3><4A5‘LR) =g Qtrg (‘({)X(]E‘LR) = ¢p ® [z/2F. Meanwhile,

/\/fo\5 LSE = /\A/SH £ o &5 with & _, 5 the encoding map satisfying

Es5(p) = Us(p, ® 10X0]" M UL, (B50)
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where Uy is the encoding unitary, generated by 1D log(n/¢)-depth Clifford circuit ensemble € in our case. The term
10)(0]" ¥ is the ancillary qubits used for quantum error correction. Hence,

€Choi = m{inP (/\A/S_HE (U‘(]BX(];‘LR ® |0n—k)(0n—k| UT) G ® g_i)
<P (./\A/‘S%E (U‘q;)(d;‘LR ® |0"—k)(0n—k| UT> , EU~un/\7‘sﬁE (U‘($><$‘LR ® |On—k>(0n—k| UT))

o (B 5 (V]33] & 040 ) 5 0 )

—P (/\Afsﬁg (U)é)(cﬁ‘m ® [0 UT) ,/\AfSﬁE(g—i) ® g—i) + min P (/\A/SQE <E_S> ® % e ® %)
_p (/\A/H (U)q%)(é‘m o040 UT) Neor (g—s> ® %) . (B51)

Here, in the first inequality, we utilize the triangle inequality of the purified distance. In the second equality, we utilize the
property of the twirling over Haar-random unitary gates. In the third equality, we take the state ¢ as Ns_, g(Is/2").
To further bound K¢ ¢s €choi, We utilize the relation between purified distance and trace distance in Eq. (15) to get

I

Bucom < oy [ (03], 0 001 ) - () 0 2

2k

2n 1

N A\~ N I I
< JEu | Nser (U]6)3] @ loRforH|ut) = N (53 ) @ 5 (B52)
LR o 26|,
For simplicity, we omit ¢ in the subscript of expectation. For i.i.d. Pauli noise, we have
Nop = NG, (B53)

with ./\A/; as the complementary channel of the single-qubit Pauli noise N, (p) = p;p + pxX pX + pyYpY + pzZpZ.
Now we apply the nonsmooth decoupling theorem. Based on Theorem 1, the term in the square root in Eq. (B52)
satisfies

. RYR A I\ I
By [N (U[0)0] @ 0m 50 UF) = Nsr (5 ) © 5
LR 2n 2k
1
) ) 2N
=< 272"ivl HaSiEDes g, = Xi21 HaSiRDog + cnmax(l,Zsz(SilEi)rsiEi TR Resin ), (B54)
i=1
~ A A ©F A\ [ ~|k/m)E
where 75z, = <j\/}, ( ¢><¢ )) , SR, = ¢><¢ ® [0(=R/mENo((=h/mE | and
Hy(SiIR Hy(S; N
c=2 ((1 + 25 max(max (2 2o pf2 "R"’/’Sin))) - 1) : (B55)

Note that H,(S; |Ri)ﬂs,-R,- is given by

H, (Si|Ri)ps,-Ri = Hy(Li|Ry) ‘$)<$

LiR;

k
= ZEHz(LIR)|q;)<¢;)

Y (BS6)
n
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Also, given state | {|gy and the purification of ./\A/'S/H (¥ )X¥|gy) denoted as |@)gq 1, from Lemma A4 we can get

HZ(SlE)/\A/’S’%E(W/X‘/f‘SS/) = H2(5|E)trs/(\¢)(¢l)

= —log try ((trs(v/trz (I#)¢1)))?)
= —log try ((trs(v/ Ny (1Y ¥ [55)))). (B57)

Thus,

Hy(Sil i), = EHR(SIE) o (@fé)

—& logtr5/< trg( N()qﬁ

Pels))

—@ogrry( tes (/1 |B)(@] +prx [6)(8| X +prY|d)(8] ¥ +p22|d) ¢>|

f@th@w\n@wwvﬂﬁwwufﬂw

( 9))
—Slogtry< (VD1 + DX + P + VP2) >2>

E(1 = 2log(v/pr + v/px + /Py + /p2)) - (B58)

Denote /' (p) = 2log(/pr + /Px + /Py + /Pz), we have Hy(Si|E) g, = 1 —f(p). Below, we consider the region of
p such that 0 < f(p) < 1. For sufficiently large n, utilizing (1 + x/n)" < 1 + 2x for small x, we have that

k k
¢ < 8N max(2 w2780y

4n2—60=)
< -

B 3
del=rnk
_ e (B59)
log(n/¢)
The condition that x is small can be achieved by (¢/n)' %" = o(1/n).
Thus, for sufficiently large », we have that
A\ A I I
6], 1ot ) i () & 38
o 2k,
2N 2N 2N
< |2 ZR HaSiED e, ~ T HaSiRD s, +c1_[max(1 oI sy ~Ha SR ps
\ i=1
ko 4elT inn 2 k
< |27 @)=) 4 max(1,2-50=®)=3). (B60)
log(n/e )H

From the above equation, as long as & decays faster than rf%f , and encoding rate k/n < 1 — f(p), the Choi error decays
polynomially. Hence, we conclude that 1D O(log(n))-depth circuit achieves encoding rate 1 — f(p). As a reminder, this
rate is lower than the hashing bound 1 — A(p). |
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4. Proof of Corollary 2 that 1D low-depth circuit achieves the hashing bound with smooth decoupling theorem

Proof. We follow the derivation in the last subsection but substitute the nonsmooth decoupling theorem with the smooth
decoupling theorem. Based on Eq. (B45), the term in the square root in Eq. (B52) satisfies

Is) _ Ir

B | Nser@|3)(4] @ oo Uh = Nsep (2 ) @ 5| <85
LR 2n 2k,
N 5/IN w 2N 5N
|27 Ee e G T im Moy [T max(1,27"% S~ Dng; ) (B61)
i=1
) A/~ NEVTIRTINNN: A\~ RYRIOLS
e = (A = (5 B = B, o Y
0Un—b/mEY(—k/mE | and o
Hy(SiIR Hy(SiIR N
c=2(0+2mmﬂmm@ﬂ”mmu2ﬂ”wwm) —O. (B62)

By Eq. (B56), we obtain that H, (S; |Ri)ps,-R,- = —(k/n)&. Below, we analyze Hf/N (S; |E")IS,-E,- . Note that forany 0 < § < 1
as long as & > —% 10g<1 -1 - 82/N2), we have
2
4logy,/logzlsl2 1 s

e < EH/N<S|E)p®s < H(SIE), +

4logy,/log25L22

H(SIE), — ;
(SIE), E

(B63)

with
y < [ 9—H i (SIE)p + V2R SIE)p 4 1, (B64)

The condition & > —% log(l -y 1= 82/N2> can be fulfilled as long as n¥es decays with n. In this case, given any
0 < & < 1, for sufficiently large n, we have

2N? (%)g <8, (B65)

which implies

() =t

and
£ > _§ log(1 — /1= 82/M?). (B67)

Note that based on the definition of the complementary channel [27], given state [y} |¢y and the purification of
Ny (1Y) |ss) denoted as |§) g, We can get

tre [ o) lss e = No (1Y) ¥ lss)- (B63)
Thus,

H(SIE) g, — H(SE) — H(E)

WXV lss)
=H(S") — H(SS)

= —H (SIS Ny quiwlse)- (B69)
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With direct calculation, we have that

3 (8YoL) = )] o )1+ ] -2 ) 2

and
o, (), =
Note that [¢)(g|, x [d)(¢]x, v|p)(|¥, and z|¢>< |7 are mutually orthogonal. Hence, H(SIE) g (o) =

o 9

log az M logn
lim 4logy 2 — lim 4logy =4logy |2 hm o2 . (B72)
n—00 & n—00 E ]og n

4logy <é. (B73)

This can be achieved by choosing logn/¢ as a function increasing slightly faster than log » like (log ) loglog log n. This

nnn

additional factor log loglog n is normally negligible for a practical number #. Also, recall that by Eq. (B59), ¢ <

log(n/a)
Thus, for sufficiently large n» and any 0 < § < 1, we have that
Ev | Nsor (UV))(J)‘ ® 0" *)(0" ] UT) — Nk Is ® Le
- LR T\ 2n 26,
k k 2N
<85+ |2 XRE-hG)—f-d) 4 del"nnn l_[max(l 2-E(1-hE)~~8))
B log(n/e) -
de 1_, k 2N
=4 2—n(l —h@)-k-s , F& "7 1,280 —h@)—£—3) B74
+ + og(/5) | nmax( ). (B74)
When 1 — h(p) — k/n — 8 > 0, we have that
Ev | N E(U)¢3>< ‘ ® [0" M) 0" | U — Nz Yo | < g5 famma-hir-bon o M (B75)
- LR “E\on 260, ~ log(n/e)’

Substituting the above equation into Eq. (B52) completes the proof. The term 2~"(!~#®)—k/n=8) s the error associated with
the random Clifford encoding, as demonstrated in Appendix B 12.

As a remark, the decoupling error within Eq. (B75) is dominated by 85. Thus, the scaling of § controls the decay rate
of the decoupling error and the associated Choi error. From Eq. (B73), we obtain that § can be chosen as the scaling of

O(y/logn/log(n/e)). Thus, the scaling of the Choi error is O((log n/log(n/s))%). |
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5. Proof of Corollary 3 by applying nonsmooth decoupling theorem to i.i.d. erasure error

Proof. Following the previous derivation, the expectation of Choi error over €’ can be bounded by

N A\ [ A ~ I I
Eyecho < \/EU Ns-k (U‘¢><¢) ® |07H){0+| UT> — Nsok (—S> ® —IZ (B76)
LR 2" 25,
For 1.1.d. erasure error, we have
Nsop = (N)®", (B77)
with /\76 as the complementary channel of the single-qubit erasure error NV, (p) = (1 —p)p + p 12)(2].
Applying the nonsmooth decoupling theorem or Theorem 1, the term in the square root in Eq. (B52) satisfies
(v]o)fa],, @ 00 0) K (53 ) @ 5F
LR on 2k,
. 2N
< | o TR B g~ TN SR s, c[ [max(1,2 ~H2SilE e, ~H2 iR pgyp (B78)
i=1
~ RYA ®& A\ [ ~|K/)E
where 75z, = ( N ( ¢><¢ )) , D3R, = ¢><¢ ® |0(—/me ) -b/mE| and
Hy(SiIR Hy (SR N
c=2 ((1 + 2n max(max(2~ 20w M2 ”"»%-R:-))) -~ 1) : (B79)
Note that H, (Si|Ri)ﬂS,~R,- = —(k/n)& given by Eq. (B56). Also, from Eq. (B57) we can get
Hy(SilEi)<g,, = EHZ(SlE)Ne(\tp)@D
2
= —¢&logtry t; e
e (o L)
I, 2
— _£logtry ((trS (\/(1 —p) ‘¢> ‘ +p> ® |2)<2|S/)>
> 2
— _Elogtry ((trs <~/1 —p ‘¢><¢‘Ss, + \/;IS ® |2>(2|S/>> )
I :
= —§logtry | (V1 —ryt V2p 12)2|g
l—p
= —g 10g trg ]IS’ + 2p |2><2|S’
1—
= —¢log (_p + Zp)
2
=& —log(1 + 3p)). (B80)

010331-36



APPROXIMATE QUANTUM ERROR CORRECTION... PRX QUANTUM 7, 010331 (2026)

_k k
By Eq. (B59), ¢ < 4180 lg(:/z)" . Thus, for sufficiently large n, we have that

Ey

s (U] ol ) - o (5 ) 3

2N
2N 2N
7 i Hy(SilEpg - it Hy (SilRi) g, +e 1—[ max(1 2—H2(S,-|E,«)TSI_EI_ —Hy (SiIRi)pg g, )
b

IA

i=1

< 2—n(1—log(1+3p)—§)

+ [ max(1, 2750 -loe(+3) =) (B81)
g)

Substituting the above equation into Eq. (B76) completes the proof. From the above equation, we have that as long as
e decays faster than n=%/=% and encoding rate k/n < 1 — log(1 + 3p), the Choi error decays polynomially. Hence, we
conclude that 1D O(log(n))-depth circuit achieves encoding rate 1 — log(1 + 3p) for i.i.d. erasure error. |

6. Proof of Corollary 4 by applying smooth decoupling theorem to i.i.d. erasure error

Proof. We follow the derivation in the last subsection but substitute the nonsmooth decoupling theorem with the smooth
decoupling theorem. Based on Eq. (B45), we have

N RN . A I I
By [N rW|d)d] @0 om* U - Nsop (52 ) @ 55| <86
LR 2n 2k
1
2N
b [ TR S g~ SR, [T maxt, ot SHED s, o SR (B82)
i=1
. RYR NEVIRVINNN: YR o . A\ [~ K/
= (3,) = (0N o= A, olom o= Yo
0=/ )(o(r—h/mE | and o
Hy (S|Rs Hy (Si|R; N
c=2 ((1 + 2 max(max (22 esr; M2 ”’J%R:-))) - 1). (B83)

Note that H, (Si|Ri)ﬂs,-R,- = —(k/n)& given by Eq. (B56). Same with Appendix B4, as long as lim,_,, logn/log(n/e) = 0,
for sufficiently large n, we have that

1 s/
'EHZ (SIE) jo6 — H(S|E),| < 6. (B84)

Meanwhile, from Eq. (B69) we have
~ O o

— —EH(S|S

)

D-p) )| 40 Fomly

Ss’

_ / _ / RUR
=§ (H )by ey — HSS )<1—p)|¢)(¢ SS,+p“§®|z><2|y>

l—p

=¢ (—p logp — (1 —p) log — = + (1 = p) log(1 — p) +plog’§>

—£(1 - 2p). (B85)
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Kk
Also, by Eq. (B59), ¢ < log(:/g' Thus, for sufficiently large n and 0 < § < 1, we have that
Ir

Ey | N s (U‘q@)(cﬁ‘m ® |0 )07 | UT) N r < S) ® 5% 1

2}’!

k k 2N

1=k k
<854+ 2 TREap-foy g de Hmax(l 2-601-2p—-b)y
\ log(n/e)

k k 2N

4el=unn
— 854 |22y g 18 T l_[max(l 2-E(1-2p—}-8)) (BS6)

\ log(n/¢e) -

When 1 —2p — k/n — § > 0, we have that

(019)3] o fo100) 5 (32) @ 58]

481*5 "
<854, [2ni-w—h-9 L & "M gy
log(n/¢)

Substituting the above equation into Eq. (B76) completes the proof. From the above equation, we have that the encoding
rate k/n can achieve 1 — 2p for i.i.d. erasure error with 1D w (log(n))-depth circuit. This encoding rate is also the quantum
channel capacity of the erasure error. |

7. Proof of Corollary S by applying nonsmooth decoupling theorem to local amplitude damping noise

Proof. Following the previous derivation for local Pauli noise and erasure errors, the key point is to evaluate
H2(Si|Ri)ps-R,~ and HZ(Si|Ei)fSiEl~' Similar to previous analysis, HZ(Si|Ri),0Sl«R,- = —(k/n)k.
For local amplitude damping noise, we have

Nsop = (N)®", (B8S)
with A, as the complementary channel of the amplitude damping noise. Thus,

Hy (S,

st (s ({5 (L)) )

2
= —&logtry (trg \/I(IOO + V1 =p[11)[00] + /1 —p (11Dss + = |10)(10| IOSS/)> )

= —&logtry (trs (

= —&logtry

_ 1 » 1-p ’
— _£logtry ((( 42 +\/;> 040105 + ——— 11X 1S,) )
(7 -

= —§log (—2 ip + —) . (B89)
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kk
By Eq. (B59), ¢ < log( _~ /’Z)" Thus, for sufficiently large n, we have that

Yo, @ oo o)~ K ()

21 ) 7 2k
2N
< | o~ X B SilED s, =X Ha(SiIRD o, +chax(l o HASHED s, ~HaSilRDng p,
\ i=1
(1 i 1 k k 2N i
< |t/ p) - | de l_[max(l gt lee( /) (B90)
\ log(n/¢e) *

From the above equation, we have that as long as e decays faster than »n~%/”~®  and encoding rate k/n <
— log<1/ Q-p)+/p/2— p)), the Choi error decays polynomially. Hence, we conclude that 1D O(log(n))-depth

circuit achieves encoding rate — log(l /2—p)+/p/2— p)) for local amplitude damping noise. |

8. Proof of Corollary 6 by applying smooth decoupling theorem to local amplitude damping noise

Proof. Following the previous derivation, the key point is to evaluate HZ(Si|Ri)psl-R,- and H (S[|E[)TSI-Ei' Similar to
previous analysis, H,(S;|R;) psir; = —(k/n)&. Meanwhile, from Eq. (B69) we have

—_— / I Iy
H(S\E)ess, = ~§HSIS) v, 5113
/
= —EH(SIS) 1100y +-yT=p11))((001+-T=p {1111 g57+& 110X10] 1055

=$ (H(S)#|o><0|s/+l%’|1>ms, _H(SS)%(\00)+«ﬁ1—p|11>)(<00|+«/71—p(11\)5s/+’%|10)(10\10SS/)

1—p p
=s(n(—=2)-n(5)). B91
((1(57) - (3) .

k
Also, by Eq. (B59), ¢ < 41‘; g(;/’g’)” Thus, for sufficiently large n and 0 < § < 1, we have that

U /\A/‘S—>E(U‘<£><A‘L ® |0 0¥ U — Ns—x (HS> ® Ir

2 ) © k|,
,k k
<gs 4 |2 ((FE)-HB)-k-9) log( /ng) Hmax (1 27((22)- ”(p)‘3>>. (B92)
n

When 2((1 —p)/2) — h(p/2) — k/n — & > 0, we have that

k

_k k

B log(n/)

NS»E(U)qu ’L ® |O" k)(O" k| UT) _NS%E <gi> ®]I2_i |

From the above equation, we have that the encoding rate k/n can achieve A((1 — p)/2) — h(p/2) for local amplitude
damping noise with 1D w(log(n))-depth circuit, which is the same as the bound with random stabilizer codes. |
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9. Proof of Corollary 7 by applying the nonsmooth decoupling theorem to nearest-neighbor ZZ-coupling noise

Proof. Following the previous derivation, the expectation of Choi error over €’ can be bounded by

I

Evecho < \/ Ey ok

Kis W e, @ o 0 s () @

1

For 1D nearest-neighbor ZZ-coupling noise, we have
Ns=N_. = O?;l((l —p)L+pZiZig).
Applying the nonsmooth decoupling theorem or Theorem 1, the term in the square root in Eq. (B52) satisfies

Ns_p(U |<£><</3‘LR ® |00+ U — Ns—x <H_S> o &

E
v on ) < ok

1

< [y HSIBrge SRy 1 ¢ max 2~ H2UIR R —H2UIE) s
- AC[2N] ’

(k/m)§

®n
where tqg = -/\/;Z( ), PSiR; =

At

® [0=R/mEN0=b/mE| 1) = triTse, psr = @ ps;r,» and

3o

N—-1
c=2 ((1 + 2nmax(max (22 sk 2H2(S"'R">”Sm))) - 1) .
1

Note that H5(Si|R:) 55, = —(k/n)§ given by Eq. (B56). Thus, H(A|R) ., = —(k|4|/n)§.
Also, from Eq. (B57) we can get
A\ [ ~|®n
o) )}

Hy(A|E).,, = —logtry trA\/trA/\/ZZ (

=—togtry |t [ [] 10=-pZ+pZ) [] [0-pT+pZZ01(]8) (¢

iieSyi+1eS; {Li+ 1SSy

)

=41 —2log| Y  Pr(2)

Ze(T,Z)®MIE

> 141§ = 2log((/T=p + vp) 1)
=& lai[1 201 +& D log (VI—p +vp)]
~ & 14 [1 - 210g (VI =p + 7).

(B9%4)

(B9S)

(B96)

(B97)

(B98)

Here, Pr(Z) is the probability of pattern Z generated by ]—[[:l.EsAHlesg[(l P I +pZ]inyes,[(1 =PI +pZiZi].
Note that this probability can be obtained by coarse-graining the binomial distribution B(]4| (§ + 1), p). This can be seen

by counting the generators of this probability distribution,
A1 €+ 1) = [{ili € Sqpi+1 € Sz}| + I{il{i,i + 1) € S}l .

The coarse-graining operation can only decrease ) Pr(Z), which gives us the inequality in the fourth line.
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_k k
By Eq. (B59), ¢ < 4160 ;(:/Z),, . Thus, for sufficiently large n, we have £ ! & 0 and obtain that

Ey T

e (V4] 0 0 010) - () 0 3

1

< [ Sy —HySIR)ps 1 ¢ max 2~ H2(AIR) ppg —H2(AIE)typ
- AC[2N]

k 2N
= [Jmax(1, 2750210V T=p4vP) =), (B100)

i=1

1—k
< an(lleog(\/lfp+\/17)7%)+48 "n
log(n/e)

Substituting the above equation into Eq. (B94) completes the proof. From the above equation, we have that as long as
& decays faster than n~*/"=P and encoding rate k/n < 1 — 2log(y/T=p + /p), the Choi error decays polynomially.
Hence, we conclude that a 1D O(log(n))-depth circuit achieves an encoding rate 1 — 2 log(~/1 —p+ ﬁ) for nearest-

neighbor ZZ-coupling noise, which is the same with that of random Clifford encoding scheme, manifested by Eq. (B170).
|

10. Approximate quantum error correction against the fixed-number random erasure errors for €

We first present the results of AQEC performance of €/, for random #-erasure error below. Then we give the full proof.
The proof idea is similar to that of the nondecoupling theorem.

Theorem Bl (AQEC performance of &, for random t-erasure error). In the large n limit, suppose k and ¢ satisfy
1 — k/n —log(1 + 3t/n) > 0, and ¢ satisfies that (¢/n)'~*/" = o(1/n), then the expected Choi error of the random codes
from ¢, against the random ¢ erasure errors satisfies

1
k

481_%7!5 ¢
Eechoi < (272 P ——— ) . (B101)
log(n/e)

Proof. Here, we analyze the random erasure error with a fixed number of erasures. We utilize the complementary
channel to analyze the Choi error. Specifically,

€Choi = m{inP <(mL—>E ® Ip) (

o)

LR) ’ (EZE ® L) <)$><$‘LR)> ' (B102)

Since TL‘;E maps all states to a fixed state ¢, (TL;_)E ® Ir) <)$><$‘LR> =g Qtry (‘¢A>><¢A>‘LR) = ¢y ® [z/2F. Meanwhile,

o —

No& _r= /\Afgﬁ £ o & s with &, s the encoding map satisfying
E1-s(p) = Us(or ® [0) (0" UL, (B103)

where Uy is the encoding unitary, generated by 1D log(n/g)-depth Clifford circuits in our case. The term |0)(0|" % is

the ancillary qubits used for quantum error correction. For a fixed t-erasure errors, Ns_ z(p) = tr,_,(p). For a random

t-erasure error, which is a mixing of r-erasure errors at different locations, Ns_, z(p) = % Zm:r IT){T| ® trs\r(p) [72]
t

where |T) labels the location of the erasure errors. Hence,
. ~ A\ 2 K\ I
€ = min P (NM (v]o)fo| oo vT) . e 2—’2)
<P (-/\A/-S—>E(U‘q§><¢;‘LR ® |0"7k)<0"7k| UT),EU~11,,/\A/’S—>E (U’J’Xé
IFS

+ m{inP (EU~un/\A[S»E(U‘<IA5><¢;‘LR ® [0" )0 *| U, ¢ ® 2

L&l ))
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- ~ I I I I I
=P (e |o)fd], ® 040 Ui (53 ) @ 55 ) 4 min? (K5 () © ot 0 )
_p (NS%E< >< ® 070" Uf) Nsog (2—S> ® %) . (B104)

Here, in the first inequality, we utilize the triangle inequality of the purified distance. In the second equality, we utilize the
property of the twirling over Haar random unitary gates. In the third equality, we take the state ¢ as N s—e(ls/2").

In our case, the encoding unitary is generated by random 1D log(n/¢)-depth Clifford circuits with the ensemble denoted
as ¢;. Then, we aim to bound Ey¢: €cpoi. For simplicity, we omit €, in the subscript. Utilizing Eq. (15) we get

Ig

N A\ A I
Ey€cnoi < EU\/HNS»E(U‘¢><¢‘LR ® [0k (0n—*| Uty — Nz ( S) ® 5%
1

S\/]EU

When the complementary channel is E; |i) (i] ® N ¢ p Where N +_ ¢ is the complementary channel of V¢, ., we have that

(B105)

N (0[)d], & oo 1) ~ R () @ 35

Ir
2k,

L (Vo] @ oo ) - A (B) o 2]

due to that ||E; |i) (i| ® 4;]l1 = E;||4;||,. Below, we use E,, to represent a case of mixing noise channels. For the mixing
noise channel, we have

|5 (U\é)(é(m o 0404 U) = K ()

—F, , (B106)

N A\ [ A ~ I I
Eyecnoi = \/EUEN HNSaE (U‘¢><¢)LR ® |0m=k) (07| UT) — Nk (2—i) ® 2—1;; 1 (B107)
For further evaluation, we use @y, to denote Ns_ £ (g /2" @ Iz/2%. Using ||4|l; < «/I4]||4])2, we further get
Evechoi < \/EUEN||NS—>E (U‘ngé‘m ® |0n=F)0m—H| W) — Pppaarll1
< \/ Vaim E dim RENEuI N (U]6)(0] @ 0404 UF) — Pnaul2
1
. oo - ~\[ 2 ek \ /i 1
= @imEdim R (ExEuuWss (U[g)(8] @ [0 ") = duun?)”
. . - A\ 2 K\
= (dim £ dim R)* (IEN[trEU [NS_>E (U‘¢><¢‘LR ® [0 k><0 k| UT)] + tr @7
1
2l (Eu[U]d)(d| @ |0 o U7]) ) (B108)
In the last line, we expand the 2-norm. The error terms can be divided into two parts:
. RYR 2
trEy [ ok <U‘¢><¢‘LR ® |00+ Ut )] (B109)
and
wd?,  — 2uNs g (EU [U‘¢3><¢3‘LR ® |0 K){0"*| U”f]) Prtsar. (B110)
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Equations (B109) and (B110) can be interpreted as the error brought by the second and the first moments of random
unitary operations, respectively. Provided that €% forms a unitary 1-design, we have

EU[R)d] @ o Rt U= e o B111)

Thus,
trdd, —2tr Nz (IEU [U ‘<$><¢3|LR ® |0 )0 U ‘]) Dipgar = —trdZ,, (B112)

where

A I I
t1rd>12{aar = ([ S—E (;)] & 2—;{)
_ %u( Nisos (g‘*ﬂ ) (B113)

For the erasure channel, Nz = tr,_,, tr®%, = 1/25 = 1/dim E dim R, and Eptrd3, = 1/25+,
2
The remained part to bound Epecp is EntrEy NS»E (U ‘¢>< ‘L ® |O”‘k)(0”_k} Ut >] . We first evaluate

trEU[N soe(U |<£>< b ‘L ® |O" k)(O" k | Ut )]2 and then take the expectation E-. We use trd? = trA®2F to evaluate it with
F being a SWAP operator. Hence,

~

o [ (]9,

® |On k><0n k| UT)]

— ey | (Ko (0[0)f8], 00 0))” | e i
=trEU|:U®2( H ® 0" *){0" k|) U*®2] Wi % (Fr) ® Fr, (B114)

where Fr denotes the SWAP operator acting on two copies of system £, and Fy is defined similarly. The term N, gﬁ g 18

the adjoint map of N s—£. To further evaluate the above quantity, we need to investigate the structure of €. Note that the
random encoding unitary U can be generated by two layers, as shown in Fig. 1(b). The qubits are divided into 2N parts,
labeled from 1 to 2N, with each part having an equal size of & = n/2N qubits. The first layer of the encoding unitary is
a tensor product of random Clifford gates acting on the 2i — 1 and 2i parts, and the second layer is a tensor product of
random Clifford gates acting on the 2i and 2i + 1 parts. That is,

U=1U, U, (B115)

where
U=QQuUe ™, U=QUprt. (B116)
i=1 =
The gate Ui’jﬂrl is uniformly and randomly sampled from the Clifford group in the regions 7 and i + 1. As a result,

o [N (0], & 10 4for|)]
— uy, |:U?2 (‘ "SML ® [0 k|> ,®z] Ey, [Umz( /\GQE)W(FE)U@] ® Fo

— (trR <EU1 [U‘f’z()q@)( 3 ol o)™ *ﬂ FR) Ev, [V QE>®2(FE>U®2]> (B117)
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We make the two layers of random unitary gates act on different terms for further evaluation. We first focus on the first
term,

e (B0, [ 052 (8)3], @ lor-01) " 01| ) (B118)

For simplicity, we consider each part to have the same number of encoding qubits and ancillary qubits. That is, in part ,
there will be (k/n)é = k/2N encoding qubits and ((n — k)/n)é = (n — k)/2N ancillary qubits. Thus, based on Egs. (51)
and (B116), we get

Yol o) i)

Ip
v (1 I F AL I
2 3 Sai-12i T dg, 1 di,,
_ 32171,21 R2171,21 S2171,27 F Ryi—1,2i B119
s T e e L e Bl R
i=1 $2i—1,2i Roj—1i $2i—1,2i $2i-1,2i Rai—1.i
Since Fr = ®fi 1 Fry; 5> We have
2 N\ 2 n—k\[nn—k 2 F®2
g (Eu, |[UP* (|9) (6] ® [0 0" *|) U™ |Fr
LR
I 2
I, F 2i—12i
S . e —

— ® By + 2712 sy 1 1
- 2 2 -

i—1 dszi,l,z,-dRzifl,z,‘ dsz,-,mi -1 dSZi—l,ZidRZi—lzi

Hdgz 12
1 1
N L Fsyi1a 2
Sni 12 d 1

_ ® i—1,2i + _
- 4 72 4 2 2

Pt dS,«dR,« dg — 1 dS,«dR,-

= ®(a]1d§2i71 ® ]Id§2i + bFs,_, ® F,)

N
= ®(a]12i— 1 + bFi—1F2). (B120)

Here, the last line is a simple notation of the third line. That is, we use I; and F; to denote I 2 and F,, respectively, and

. . . . . k .
we omit the tensor product; ds, = 2% represents the dimension of part i and correspondingly, dz. = 27*. The coefficients

1 1 1
= — 1 —
Uy, & - n( dd)

1 1 1
_ N 1 B121
p4E+ake (2% — 1) ( 22s+2,,ks> ( )
and
1 1
b=7 1G_ff)
S; Si“R;

1 1

= (1 — 22&%). (B122)
It is easy to see that a < 27%-TE and b < 2%
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Next, we consider the second term [, [U;®2 (J\7 SL E)®2 (Fg) Uf’z] with A a fixed t-erasure channel. Note that
W, 1 )& (Fg) = Fg ® I, where [[; denotes the identity operator on two copies of subsystem £. Combined with Egs. (51)

S—
and (B116), we have
N-1
Ey, [Uz®2(N;_)E)®2(FE) US* = (Fr ® 1), ®(a2i,2i+l Loiloiv1 + b2iip1F2iF2i41) (FE @ Ip)ow, (B123)
i=1
where
Zn%i+n%i+l 245 _ 22n%i+2n%~i+l 2n%i+n%i+l (22n12;i+2n%;i+1 _ 1)
Di2i+1 = 228 24 _ | > D2ipit1 = 2% _ | (B124)

Here, (Fg ® 1;); denotes the restriction of Fr ® I is part i. Note that (Fr ® I); is a tensor product of identity operators
and SWAP operators. The terms 7} and n%. denote the number of identity operators and SWAP operators in (Fr ® Iz);,
respectively. Hence, n} + nf. = & and ), n\. = 1.

Combined the results above, we get

wEy [ (U[8)f8],, o o401 v)|
oo [ RN o) 0 ) e 1) ]

N N1
=tr ((@(G]Izilﬂzi + bFZilFZi)> ((FE ® I ®(a2i,2i+1]12i]12i+1 + boinit1F2iF2i41) FE ® Hg)zzv))

i=1

— (22n%N+n%~N zn%N+2n%,N) ji_[l a 0 22S 2E a2i,2i+l 0 225 25 a22n} +n11:
N 0 b)\2¢6 2% 0 binit 28 2% poni+2nk

i=1

=" <2an 2"?\’) Iﬁ a 0 UpiUi4 ] N (Uaithi1 + V2iV2i41) a 0 (2 (B125)
o 0 b)) \n(uguziy1 + v2iv2i41) V2;V2i41 0 b)\onk )"

=

i=1

Here, the third line is a direct substitution. The fourth line is done by direct calculation. Note that
tr1 (@l Ty + bF 1 F2) (Fp ® Ip)1) = (@217, 4 b2k Fy) (B126)
and
tr (I, + yF1) (a1 4 bF 1 F>)) = (a2%x 4+ a25 )1, + (b2°x + b2% y)F,. (B127)

By using the above two equalities, we derive the fourth line. For the fifth line, we use that n} + nk. = & and 2N§ = n.
Also, we calculate

25 1\ (@i 0 261 ) _ <22$Q2i,2i+1 + boisiy1 25(a2init1 + bainit1)
1 25 0 boiniti 128 25(aniiv1 + bainit1)  @iiv1 + 2% boioig

_ Upildiy | n(uithpiq1 + V2iV2i41) (B128)
N (U2itiziq1 + V2iV2i41) V21 V2541 ’
where
nt nt % —&
u,-=21, ’Ul'=2F, 7):22E+1§2 . (B129)
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iy 0
0 vvy

Denoting D;pi41 = ( ), Eninip1 = Nzt + vavaier) (94), and C = (§9), we have

trEy []\A/'SﬁE (U’$><$‘LR ® |O”‘k>(0"_k| UT)]Z =2"(uay  vay) (ﬁ C(D2;pi41 +Ezi,2i+1)> C (Zi) . (B130)

i=1

This equation is similar to (D + E)V~!, which enables us to expand it according to the number of “E.” We first consider
the expansion term with no £. That is,

N—1 2N 2N
n u n
2" (upy  van) (l—[ CDZi,ZH—l) C (Ui> =2 (aN l—[ u; + b l_[ v[>
i=1 i=1

i=1
— (aNzn—t + szt)
< on (2—2n—k2n—t + 2—2n2t)
S RN (B131)

The first term 27/~ in this equation equals tr &3, and will be eliminated in the final result. The second term 2~ expo-

nentially decays with respect to n. Combining with the coefficient dim E dim R = 2/*, this is 2~"~2~® corresponding to
a result of random Clifford encoding, as demonstrated in Appendix B 12. In fact, if the encoding unitary is drawn from
the whole unitary group instead of €, n will quickly decay to 0, and it is unnecessary to consider £ in the expansion. The
expansion terms with £ can be viewed as extra errors.

Below, we consider the case there are g numbers of E in the expansion. We set the location of £ as jy, /2, . . .,j; With
1 <ji<jo<-+<jgy<N—1 Thatis,

N—1 J2—1 j1—1
2" (uay  vaw) 1_[ CDyinit1 | CEyjg2jg+1 -+ CEdjy 2jy 41 1_[ CDsizit1 | CEyjy 2jy+1 (1_[ CD2i,2i+1) C (ZI)
i=jg+1 i=j+1 i=1
g
=2"p8 n(uzj,uzj',ﬂ + V2, V2j,41)

r=I1

g—1 . . .
. . s gy A @ A
N—j N—j 0 @s Uj 425241 —1 Ui2j, -1
X (D80 08 @ TEugj, 400N | | 1 s ;
( e e ) LT 0 LAUBSTS

s=1
g
=2"8 | oy 12 1 + vap 007 1) (@1 2T pr=i2 b=y , , , Vi ; .
- n 27 U2j+1 2jr V2j,+1 2j1+2—2jp—1,2j3+2—2j,—1,.. V1521 —1,2/p+2—2j3—1,...
r=I1

e
+ VTPV g 1 2y 42 23— 1, V2jy 422 — 1,23 42— 2j4—1,..)

n
=2"n | | U2, V2,41
1 \V2i-V2)r+1

N N2~ V12j1 —1,20 4223~ 1,...270 1 +2-2jg—1

V21422 —1-2g 22— 2g 1~ 1.2jg+2>2N

S NTE _1ysHL _
+al,bN_j2(2j_g)E1)2/'1+2~>2j271m2jg,2+2%2jg,171,2jg+2ﬁ2N’ J =2 D7, ifmod(g,2) =1,

V121 —1,2j5+2>2j3—1,....27¢ 1 +2—>2jg —1

N 9 CN=2—g)t V2j1 4252/~ 1,23 42 24—, 2jg 1 42> 2jg 1

V121 —1,...2/g— 142 2jg—1,2jg+2—2N

. g _ § . —
VI>2j1— 1,021 4252/ —1.2jg+252N  ° ]_Zs:l( 1)%, ifmod(g,2) =0

RN S PICTRl

U2j1 +2—>2j2 —1 ,2j3 +2—>2j4—1,...2jg_ 1 +2—>2jg— 1
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g
=2 [ [ + 03,03, 1)
r=1

N—j1jH(2N-2j—-g)§ 2
a2 Vl52j1-1,2/0 4223 1.0.2jg_ 1 +2—2jg— 1

i N —j » (2] —g)§,,2
+ db72 V)1 4+252)y— 1224221 —12jg+252N>

N—jpjn(2N=2j—g)§ 2
a’y2 V2j14+2 22— 1.2/34+22jg— ... 21 +2->2jg—1

F V2052

J=Y% (=Y, ifmod(g,2) =1,

j = Zf:l (_l)éjs: lmeng, 2) = 0.

(B132)

=21~ 1,00.2jg_ 1 +2>2jg —1,2jg +2—2N>

_ N2V i r_
,,,,, i is—js- We alsouse t =) ;= nj or 2! =
N _—
[ 1.2, vi in the above derivation.
Now, we come back to considering the condition of random erasure noise channels and take the expectation £ . Note

that the erasure channel NV only influences the value of v;. For a quantity Viy = 1,.is—js» WE have

.....

r , 4r. The meaning is the same for v; .,

= Ep 2201 T e (B133)

=] seesls s

Denote X =) »_ >V ;- This is a random variable representing the number of erasures in the region {i;,i +

1ooo ji,inip+ 1 jo, ..., is,is+ 1,...,]s}. Since we consider the ¢ erasures to be equally distributed on all of the
qubits, the random variable X satisfies

(=) _ 062

Pr(X =x) = 5 = , (B134)

where m = |{iy, iy + 1+ ,j1,b0, 0o+ 1+ ,jo,..., 050+ 1,...,j5} & We prove that

EN22X — mai’?’t) 22x ()l;) (VZ:;)

n
x=max(0,m+1—n) (m)
3t m
e
n
< 2mlog(l+%)‘ (B135)
This can be seen that Z?iﬁ;’;gm crem 27 (£) (m=k) is the coefficient of 2 in the expansion of the function (1 +

4z)'(1 4+ z)"'. With Lemma B2 proved later, the coefficients of z” of (1 +4z)'(1 +z)"~! is not larger than that of
(1 + ((4t + n — t)/n)z)", of which the coefficient of z” is (1 + 3¢/n)" ().
Thus, under the expectation of the location of the erasures, we get

N—-1 Jo—1 j1—1
u
En2" (uoy  vaw) l_[ CDziniv1 | CEgjg 2jg+1 - CEgjy 2y +1 l_[ CDsinit1 | CEyjy 2jy 41 (l_[ CDZi,2i+l) C (Ui)

i=jg+1 i=j1+1 i=1

g
L i P 3t . . P 4o 3t
<y (i) (@ 2PN Y e 2)g tog(143) L P RIE N2 4 2h)slog(1+,,))
h=0

<2 ey (i) (-2 Yy (N =2 —g 4 NE-+ +g-20)¢ tog(1+3) L 0k NE N =2 g2 1og(1+%))

g
h=0

010331-47



LIU, DU, LIU, and MA PRX QUANTUM 7, 010331 (2026)

g . 4 . .
< otk Z (g) (2¥k27(2j+g72h)$+(2j+g72h)§ 1og(1+%) + (1= 28y (N =2 +g=2)E+N -2 +g~20% 1og(1+%))
0

g
2j — (2 do— Lo 3t
— 9—t—ky—+ F (n— k)Z< >(2<Jng)ék2 (2j +g—2ME+Q2j +g 2h)§log(l+n)
(1= G4 —QN -2 +g- 206+ QN =2 +g~2hE 1og(1+%’))

g
Qh=22) , ()i to_ _k_ 3t Qh=29)6 ,  _(IN—2i +o— _k_ 3t
=2—t—k2—2§v(n—k)z(i)(2ng ko (2 +g—2h)E(1—5 log(1+n))+2 5k (N=-2j+g—2mE(1—4 log(l-‘rn))). (B136)

Note thatj = >"%_ (—1)*Tj orj = Y% | (—1)%, implyj > g/2. As long as

k 3t
1———10g<1—|——> >0, (B137)
n n

we have

N-1 j2—1 j1—1
u
En2" (uzy  vaw) 1_[ CDziniv1 | CEgjg 2jg+1 - CEgjy 2jy+1 ]—[ CDyipit1 | CEyjy 2j,+1 (l_[ CD2i,2i+l) C < 1)

U1
i=jg+1 i=j1+1 i=1

2h—2,
< gtk £ (n— k)Z() @h=2g)t

— 217t7k(2*S(1+g) + 2*&(1*;))5’. (B138)

Combining Eqs. (B131) and (B138), we obtain

IEN'ETEU[ Vs (U (

e,

N—
=2"(upy  vow) 1_[ C(Dyipit1 + E2i,2i+l)> C (ul)

L@ oo "|(ﬁ)]

U1

<2 kot Z (N Bl

1)21—f—k(2—5(1+l,§) + 2—5(1—%))8’
g
g=1

= 27 2 I R((1 4 2780 g g BNl (B139)
Note that £ = log(n/¢) and N = n/2¢. Utilizing (1 +x/n)" < " < 1 + 2x for sufficiently small x, we get

(1 42780+ 4 o=60=\N=1 _ | < oy =60+ 4 p—€(-1))

< 4N2-E0-D)

. 2n

- log(n/¢)
26!~ hnh

~ log(n/e)’

—log(n/e)(1—%)

(B140)

The condition that x is small can be achieved by (¢/n)' /" = o(1/n).
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Integrating Egs. (B108), (B112), and (B139), we obtain

1
Eyechs < <2t+k(_2—t—k 42tk g g g1tk +2—s(1+§) +2—s(1—§))N—1 _ 1))>4

1
_ (2—(n—2t—k) +2((1 +2—s(1+§) +2—s(1—§))1v—1 _ 1)>4

1

1—k kN 7

< 2—(n—2t—k)+48 nnn .
log(n/¢)

Proof is completed.

Lemma B2. Given a,b > 0, m,n € Z, the coefficient
of z! in the expansion of (1 + az)"(1 + bz)" is not larger
than that in the expansion of (1 + (am + bn)z/(m +
n))"" forany 0 <t < m + n.

Proof. We prove Lemma B2 by induction. For any
a,b > 0,m € Z,, when n = 1, the coefficient of z’ is

my 4 m —1
b B142
(D2 oo @
for (1 + az)"(1 + bz)", and is
1 b\’
(m+ )(ma+ > (B143)
t m+1

for (1 + (am + bn)z/(m + n))"*"; t takes values from 0 to
m + 1. Now we need to prove

m\ , m -1 m+1 ma + b\’
a + a 'b< ,
t t—1 t m—+1

(B144)
which is equivalent to
t (b 1 (b !
1+ -—1)=<{14+—(--1 .
m+1\a m+1\a
(B145)

Note that (1/(m + 1))(b/a — 1) > —1 and when x > —1,
(1+x)"> 1+ for any »r > 1 and r = 0. This can be
obtained by considering g(r) = (1 +x)" — (1 4 rx). First,
g(0) = g(1) = 0. Meanwhile, forr > 1,

g =10+x)"In(1+x)—x
X

> (1 -i-x)r1 T —Xx
=((14+x""=Dx
> 0. (B146)

(B141)

(

In the second line, we use the inequality In(1 4 x) >
x/(1 +x). Thus, for any > 1, g(r) > 0. As a conse-
quence, Eq. (B145) is correct, and we prove the case for
n=1.

Now assuming that for any a,b > 0 and m € Z,, the
claim is correct for n < ny, we try to prove the claim for
n = ny + 1. First, using the case (m, ng), we have

am + bny "
A+az)"A+bz)" < |1+ —2z . (B147)
m+ nyp

Here, p(z) < p»(z) means that each coefficient of z’ in
p1(2) is less or equal to that in p,(z). Next, using the case
(m 4+ ng, 1), we have

b m—+ng
<1 + am+—noZ> (14 b2)
m+ ng

< (1+

Combining the equations above, we prove the case for n =
no + 1. The whole proof is done by induction. |

1 b m—+np+1
wz) . (B148)

m+ 1+ ng

11. Proof of Proposition 1

In this part, we prove Proposition 1, which shows that
applying random Pauli matrices before encoding and after
decoding ensures that the recovery fidelity for any arbitrary
input state is lower-bounded by the Choi fidelity.

Proof of Proposition 1. Consider the Stinespring dila-
tion of the channel N o £, which can be represented as
an isometry Vs from L to SE. The pure state Vs [¢) g
is a purification of N o E(Yr). A recovery channel D
can also be represented as a unitary Up acting on S and
an ancillary system 4. By Uhlmann’s theorem [27,84], the
Choi fidelity can be expressed as
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Fenoi = max |(lir ® (Ols\0).42) Ui\ ae Up Vv (1) 1 © 10).0)]

Yis\y.4E
= diL Umax |trL[((0|(S\L),AE)UES\L)AEUD Vil ® |O)A):” . (B149)
(S\L).AE
The recovery fidelity for input state ¥ using the recovery channel D can be written as
Fy = max |((W|LR ® (0l(s\1),AB) Uiy ae Un Var (19 )1 @ |0>A)| . (B150)

U;S\L),AE

Now, we evaluate the expected recovery fidelity when applying a random Pauli matrix. The expression for the expected

recovery fidelity is given by

Ep Fy =Ep, Umax ‘((‘NLR ® (Ol(S\L),AE)U,(S\L),AEPZUDVNPL(|¢>LR ® |0>A))

(S\L).AE

A%

max [Ep,
(S\L).AE

v

max
a
Us\nae

1

(¥lr ® <0|(S\L)AE)U/(S\L)AEPZUD VNPL(Y) iR @ |0>A)‘

Ep, (¥ ® (0|(S\L),AE)UES\L),AEPZUD VAPL(Y) g @ |O>A)‘

= — max |trL[((0|(S\L),AE)UES\L)AEUDO Varldp @ |O)A)]|

L Y04

= FChoi-

In the first line, we apply P, before encoding and set PZ Up
as the recovery channel. The second line swaps the max-
imum outside, which reduces the average fidelity. In the
third line, we move the expectation inside the absolute
value, further reducing the fidelity. Finally, the fourth line
applies Pauli twirling. Specifically, for any state |y g), we
have

T I
Ep, [PryirP;] = trp(Y1r) @ 7 (B152)
L

(B151)

12. The Choi error of random Clifford encoding

In this part, we introduce the bound of the Choi error
of random Clifford encoding. The results can be viewed
as a baseline to measure the performance of other encod-
ing methods. Note that the random Clifford encoding is the
random stabilizer code [19], which is a good code with a
constant encoding rate and linear code distance in general.

Recall that the Choi error is bounded by

Ececnoi < \/ Ec

Nop (U‘(IBX(]}‘LR ® |0n+)(0n+] UT> ~ Nor (]Is) 2 Ig

S)e X, (B153)
27 )2 2k

where E¢ is the expectation over the n-qubit Clifford group. We can apply the nonsmooth decoupling theorem for the

2-design group, or Lemma A5 for further evaluation,

Ec

n

I

e (U1, 0 0) ~o (3) 03

—LH,SIR) 2 I\ /on—k| — A H2 (SIE) ¢ g
< 2285y 3] elon—k) ok T2y, (1)) g6)

1 (B154)
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Another choice is the smooth decoupling theorem shown in Lemma AS5:

Ec

—LHy(SIR) 2\ i\ Jonik| — Y HE . (S|E) o 2\
<2 2(8 )|¢><¢|LR®|On kY (on—k| ~ 2 min S| )Ns'—>E(|¢><‘7’|ss/) 1 8s.

Note that we only smooth H,(S|E) with H?. (S|E) while
maintaining H,(S|R) to evaluate a tighter bound like what

did in the proof of Corollary 2. Particularly,

HSIB 61 sjorkyors = H2LIB) pyg

LR

= —k. (B156)

Below, we continue the evaluation for specific noise mod-
els. For the Pauli noise,

Nsop = N,)®", (B157)

with j\A/p as the complementary channel of the single-qubit
Pauli noise N, (p) = pip +pxXpX +pyYpY +pzZpZ.
Particularly,

)"

N ([9)00] ) = (4 ([o)f0

When applying the nonsmooth decoupling theorem, we
first calculate

(B158)

PO G ) () O B

by Eq. (B58). Thus,

Y

n >\ k
Ecech <2 1(17970), (B160)
Next, we apply the smooth decoupling theorem to Pauli

noise. Note that

1H5 (S|E) ,en > H(S|E) Hlogy yloe (B161)
n min p®n Z P ﬁ
and
4logy 10g512
lim 7 =0 (B162)

For sufficiently large n, we have

4logy4/10g(2/52)
f < 6.

Meanwhile, H(S|E)Np(|$)<$)) =1-—h(p). Hezlce, for any

Nie (U]0)d], @ om0 ) — i (H_S> & X

2" 2k

1

(B155)

(

>0,

e [ (Vo) @ 10N )

~ I I n Sk
- NSHE (2_i> ® 2_1;; 1 = 22Ty + 84,
(B163)
Ececho < \/ 85 + 2~ 3(1-hP)=5=9), (B164)

The derivation for the i.i.d. erasure error and local ampli-
tude damping noise is similar. For strength-p i.i.d. erasure
error, we can get

Ecechoi < 270 los0430)-), (B165)
with the nonsmooth decoupling theorem, and
Ecechoi < \/86 427305, (B166)

with the smooth decoupling theorem.
For strength-p local amplitude damping noise, we can
get
_n(_ L /p \_k
Eeecu <2 10 H/5) ), (B167)

with the nonsmooth decoupling theorem, and

C€Choi =< +273 R ,
E 88 4 2~ 3 (h(F)—h(5)—5-9) B168

with the smooth decoupling theorem.

For strength-p 1D nearest-neighbor ZZ-coupling noise,
the analysis is done by the nonsmooth decoupling theorem.
The H,(S|R) term is still equal to —k, and the H, (S|E) term

is given by
®n) j|

=—logtrg |trs [ [(1-p)T+pZiZi] (
{i,i+1}C[n]

=n—2log ((/T=p +vp)")
Zn[l —210g(ﬂ+ﬁ)].

Hy(S|E) g, = — logtry |:trs N (

$)(¢

Aol.s)

(B169)
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Thus, for ZZ-coupling noise, we have

Ececho < 27 40-2106(VT=pH/P) =), (B170)

Finally, we consider the #-erasure errors. The random
Clifford encoding is robust to a fixed #-erasure error rather
than a random erasure error. The number of erasure errors
should satisfy the Singleton bound n — 2¢ — k£ > 0 [40].
The corresponding complementary channel is Ny_p =
tr,—;. By applying the nonsmooth decoupling theorem, we
have that

)¢

t ]IT
® —, (B171)
TE ~ 2n1

£([o)(@

=n-2t (B172)
Here, T represents the region of the erasure errors. Com-
bining the results above, we get the upper bound of the
Choi error against a fixed t-erasure error for the random

Ey

5 (008, 1) - (3 3

Clifford encoding,

Ececho < 273020, (B173)

13. Comparison to the block-encoding scheme

In this part, we compare the double-layer blocked
encoding scheme and the block-encoding scheme. We con-
sider two types of noise models. For local Pauli noise, we
provide evidence that the double-layer blocked encoding
scheme might have an advantage. For local erasure error,
we rigorously establish an advantage of the double-layer
blocked encoding scheme over the block-encoding scheme
in certain error regimes.

Local Pauli noise. We first consider the local Pauli
noise. As mentioned in the main text, the encoding unitary
operation of the block-encoding method is

342414
C s

R

U= (B174)

i=1

where U‘g_3’4i_2’4i ~14 is a random Clifford gate on regions
4i —3,4i — 2,4i — 1,4i. The set of the random block-
encoding unitary operations is denoted as &5,

To compare the performance of the two encoding meth-
ods, we only need to evaluate

(B175)

27 ) 7 2k

under two encoding ensembles €¢ and G2. For simplicity, here we only analyze the results associated with the nonsmooth
decoupling theorem. The case with the smooth decoupling theorem is similar.
The result of €¢ is given by Eq. (B60). The result of &% can be established by considering the error of each block and

the triangle inequality. Specifically,

Bt [ (e @ 0401 0) ~ s () 0 1]
< 5oy s (010, 0 =0 ) 5 (B2 0 21|
- % R o g oekin =3 HRSIE) (151 y0% (B176)
Using Hy (SIE) ;. (o)) = 1 — £(p), we have that
Byt e (U)o 0 o1 07) - () 0 2| = ety
- 41:gg (%)2(l_f®_£)‘ (B177)
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Recall that the result of the double-layer blocked encoding is given by

Ep~es

e

1—k
< [penr-ky G
- log(n/e)

For block encoding, the dependence of error on n is
given by (n/4log(n/e))(e/n)>0~®)=k/"  For double-
layer blocked encoding, it is approximately given by two

terms +/2—*(1=/®)—k/n) and \/481_§n§ /log(n/¢e). Note that
& is normally chosen to make &/n = 1/poly(n). Mean-
while, 1 — 7 (p) — k/n is often a constant. Thus, an expo-
nentially decay term must vanish faster,

_f()—k
[p-n~@)-5 o " (5)2(1 Ay

4logZ \n

(B179)

Also, when 1 — f(B) — k/n < 3(1 — k/n), we have

451_%n%
. log(n/e)
lim —
n—00 L(é)ﬂlff(lﬂ)*;)
4log 2 *n
log2 /e\Y®)-30-5)
=8 lim |2« )T =0 @iso)
n—00 n n
Thus,
4!~ nnn < n (8)2(1—f(ﬁ)—§) B181)
log(n/e) ~— 4log? \n '

That is, given the noise strength p, when the encoding rate
satisfies k/n > 1 — éf (p), the error given by the double-
layer blocked encoding decays much faster. In other words,
if we fix a required Choi error decay scaling, the encod-
ing rate offered by the double-layer blocked scheme can
be higher. This provides evidence that the double-layer
blocked encoding scheme can have an advantage in some
error regimes. Nonetheless, it is a comparison of the upper
bound of the error. Below, we consider local erasure errors
and evaluate a lower bound of the Choi error given by
the block-encoding method. This establishes a rigorous
advantage of the double-layer blocked encoding scheme.

Local erasure error. To establish the lower bound of
the Choi error given by the block-encoding method, we
only need to evaluate the lower bound of the Choi error
of each block, which corresponds to a random stabilizer
encoding.

R (U[ad], o 004 0) ~ K (35 ) @

2n 2k

1

(B178)

For a random stabilizer code [[n,k]], correctability
under erasure error requires the number of erasure errors
t to satisfy the singleton bound,

"y
dAtk<n = thnTJ. (B182)

Define 7 = %(1 — k/n). Then any erasure pattern erasing
more than Tz qubits is uncorrectable. Moreover, as long as
the number of erasure errors is ¢ > [ (n — k)/2], we can
prove that there exists a lower bound of the Choi error
for random stabilizer codes. The result is summarized as
follows.

Theorem B2. Let t < n/2. Suppose Q is a subset of n
qubits with |Q| = ¢. Then the expectation of Choi error
against an erasure error on Q over [[n, k]] random stabilizer
codes has a lower bound,

20— (n—k)—e!

Ecep > 3% ,

(B183)

where € is the Choi error €cpo; for erasure on Q.

We postpone the proof of Theorem B2 to the end of this
subsection. With the number of erasure errors increasing,
the Choi error also monotonically increases. Thus, we have
the following corollary.

Corollary Bl. Fort > n/2,

1 1

EcéQ > ECeQ/ = g — ZC, (B184)

where ‘Q’} =n/2.

For strength-p local erasure errors, each qubit is erased
independently with probability p. The number of erased
qubits satisfies a binomial distribution B(n,p), where we
denote this number or random variable as E,. Based on
Theorem B2, the Choi error is always lower-bounded
by (1 — e ')/8k > 1/16n when E, > tn. Then the Choi
error of a random stabilizer code is lower-bounded by
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(1/16mn) Pr[E, > tn]. Using Chernoff bounds, for t > p
orl —k/n—2p > 0, we have
Pr(E, > tn]=exp(—n-D(t ||p) +o(n)), (B185)

where D(al|b) is the binary relative entropy,

1—a
D(allb) = alog, ( ) +(1-a)log, . (B186)
b 1—-b
Thus, the Choi error satisfies

Ecechoi > % exp (—” D (T Hp) + 0(”))

—exp (=n (¢]) +otn).

To further give a lower bound of the Choi error for
the block-encoding scheme, we introduce the near-optimal
fidelity [104], denoted as Fcnoj, with the corresponding
near-optimal Choi error denoted as €cpo;. Compared to the
definition of original Choi fidelity,

(B187)

Fehoi = mng <¢3LRs [(DoNo&)L® ]R]($LR)) ,
(B188)

the near-optimal fidelity uses the transpose channel recov-
ery for decoding,

Feri = F (i, [(D™ o N 0 ), @ [i](d1r)) - (B189)
The transpose channel recovery D¢ is defined as [104]

DIC = p, o NT o N3 (P)). (B190)
Here, N is the noise channel. The map P; satisfies
Pr(p) =y pIl;, where I1; is the projector to the logi-
cal space. The map N2 (Py) satisfies [/\/’*%(PL)](,O) =
N=3([1)pN =3 ().

It has been proved that there exist two-sided bounds

between the optimal fidelity and the near-optimal fidelity
[104,105],

1 ~ ~
5(1 — Fenoi) <1 — Fenoi < 1 — Fenoi. (B191)

Using the relation F = +/1 — €2, we have that for suffi-

ciently small €cpoi,

€Choi < €choi < V2€Choi- (B192)

The left inequality follows from the near-optimality. The
right inequality is derived by

1
S =yl — no) < 1= /1= €y
S 41— €lyo) <2 — i + 2\/1 - Ehoi

1 ~2
2 6Ch01 +2 26Ch01

& oo < V2echoi. (B193)
Note that in the second line we use /1 —x <1 — %x for
sufficiently small x.

From the definition of the transpose recovery map, it
can be seen that for a block-encoding scheme £ = ), &
and block noise model N = ), V;, the transpose recovery
map is also a tensor product, D’¢ = &), DC. Thus, given
a block-encoding scheme, since each block is independent,
and the noise also acts independently on each block, the
near-optimal fidelity for the whole block-encoding scheme
is the product of the near-optimal fidelity for each block,

4i
Fenoi = [ [ Fotock» (B194)
i=1
or equivalently,
i
Feni = [ [ Fitoc- (B195)
i=1
Then,
6Ch01 l_[(l Eblock ), (B196)
where
Engg’gblock,' = E(ngfféblock,'
> exp (—4€ - D (t]p) + 0(®)). (B197)

Thus, we obtain the lower bound of the Choi error for the
block-encoding scheme,

EUNQ;ﬁeChoi = EEUNGE €Choi

1

z EEU~6§2(QZhoi
1

= 2 By es ( l_[(l Eblock )>
1 ~

= 75 - 1_[(1 — Eye5€biock,)
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1 ~
> % (1 — 1_[(1 - [EUwgfeblocki]2)>
> (1 — (1 —exp (-8 -D(z]p) +o(§)))%)

- Sl

I\/

min | L exp (<8¢ - D (elp) + o). 200}
=m1n{nexp( 8§D

(z]p) +0®). Q(D}. (B198)

Here, the fourth and fifth lines use the independence
of each block and Ex? > (Ex)?, respectively. The last
inequality comes as follows. Let m :=n/4& and x :=
mexp(—8& - D (t|p) + o(€)). Then

(1 — (1 —exp (=85 - D (t]p) +o(6)))%)
X m
=(1-0-3))
Using (1 —x/m)™ <1 —x/2for 0 <x < 1, we obtain the
first term; while forx > 1, (1 — (1 —x/m)™) > (1 — (1 —

1/m)™) = Q(1), we obtain the second term.
Substituting & with log(n/¢), we get that

(B199)

8D( " llp)+o(1)
}EUNGBEChm > min { n (n) ,Q2(1D)

(B200)

This equation shows that, for the block-encoding scheme,
given the noise strength p, a trade-off relation between
the encoding rate k/n and the Choi error exists. If one
fixes an encoding rate, the Choi error will have a lower
bound, and vice versa. Below, we prove that there exists a
regime of the strength parameter p where the double-layer
blocked encoding scheme achieves both a higher encoding
rate and a lower Choi error. Moreover, there exist regimes
of noise strength and encoding rate such that the double-
layer blocked encoding scheme requires a lower depth to
make the Choi error decay.

Recall Corollary 3, the Choi error for the double-layer
blocked encoding scheme is

A=

k k
npn

4e'"un

log(n/e) )
(B201)

k
Ey~es€choi < (2_"(1_1°g(1+3”)_") +

The main contributions are 2~ (/4U~log(+3p)=k/m) and
(de!=®mykin /log(n/e))/*. In the following, we discuss
the case of 1 — log(1 + 3p) — k/n > 0. For simplicity, we
set r =k/n and & = n=@*/0=") \where r and « and
both positive constants; p is also a constant. Then, n/e =
n+®/0=n " The block size parameter & = log(n/s) =

((1 + a)/(1 = r)) logn. The upper bound of the Choi error
for the double-layer blocked encoding scheme is simpli-
fied to

41— O\
(1 4+ a)n logn)

(B202)

Ey~es€choi < (2_"(1_1°g(1+3p)_r) +
=0 %).

The lower bound of the Choi error for the block-encoding
scheme is simplified to

(B203)

E (. gB€choi = min {n

In the case that 0 <p < 1/3,0 <r<l,a >0and 1 —
log(1 + 3p) —r > 0, the Choi error of the double-layer
blocked encoding scheme always decays. The decay scale
is approximately O(n~%/*) where we ignore logn = n°".
On the other hand, the exponential coefficient within
Eq. (B203) is

1—r
D
(=

Given noise strength p, under the constraint of r < 1 —
log(1 4+ 3p) and @ > 0, cplock can be greater than 0. For
instance,

8(1 +a)
1—r

Colock = 1 —

p) +o(l). (B204)

p =025 r=02
o =0.1 = cpioek = 0.14 = Eu~@§€Choi

> min{n®", Q (1)} = Q(1). (B205)
That is, given the noise strength p = 0.25 and encod-
ing rate » = 0.1, we obtain that the double-layer blocked
encoding scheme can have an error decay n %%, and
the block-encoding scheme cannot make the Choi error
decay. In this case, & = 1.375logn. As mentioned in the
main text, the depths for the two encoding schemes are
the same after fixing £. This manifests that for p = 0.25
and r = 0.1, the double-layer blocked encoding scheme
requires a lower depth to make the Choi error vanish. On
the other hand, this implies that at the same circuit depth,
the double-layer blocked encoding scheme can achieve a
higher encoding rate.

More concretely, one can find parameter regimes such
that cpock > 0. In this case, the double-layer blocked
encoding scheme can correct errors, but the block-
encoding scheme cannot. One can also find parameter
regimes such that cpocx > —a/4. In this case, the double-
layer blocked encoding scheme always outperforms the
block-encoding scheme by manifesting a faster error
decay. We plot the regimes that cpjock > 0 and cpjock >
—a /4 in Figs. 5(a) and 5(b), respectively.
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(a) Region where Cpiock >0

Cblock

0.300
0.325 0.0

FIG. 5.

(b) Region where Cpiock > — §
0.25
-25 0.20

15 [t0.15

Chlock

.05 0.10

0.05

0.00

0'30%_325 0.0 -0.05

(a) Parameter regime where cpiock > 0. In this case, the double-layer blocked encoding scheme can make the Choi error

decay, but the block-encoding scheme cannot. (b) Parameter regime where cpocxk > — /4. In this case, the double-layer blocked

encoding scheme outperforms the block-encoding scheme.

Below, we show the proof of Theorem B2.

Proof. We first observe that the choice of subset O
is irrelevant when considering the expectation over the
random stabilizer encoding scheme.

Lemma B3. For any fixed subsets Q;, 0, C [r] with
101l =10 =1,

ECGC,QI = ]:ECEC,in (B206)

where €c g, is the Choi error for encoding unitary C and
erasure errors on Q;.

Proof. Because the SWAP operation is Clifford, there
exists a Clifford S, that swaps Q; to Q. Hence

Ececo, = Ecesyco,

= ECGC,QI . (B207)

Fix the subsets O = [¢], 0> = {r+ 1,...,2¢},and Q5 =
[21\(Q1 U Q) so that O3 contains the remaining n — 2¢
physical qubits. We now prove the following.

Lemma B4. For any unitary encoding C,

1 2t—(n—k)—e!

5 (€0, +€0,) = Sk (B208)

Proof. Let€) := €p, and €; := €p,. Also, recall that we
denote L, R, and S as the logical, reference, and physical

systems, respectively. The initial input state is the ¢y g, and
after encoding and noise, the state is denoted as qAﬁLR.

By definition of €p, there exists a recovery map
Dy, ;-1 such that

o=D <¢;LR> , P (ULR,QgLR) = €. (B209)

Because the purified distance bounds the trace distance,

dyr (CTLR, ¢A>LR> = €. (B210)

Applying the Fannes-Audenaert inequality [65] with sub-
system size |LR| = 2k gives

o 1 1
S(O’LR) < S(¢LR) + 261(2]() + ; = 4k€1 + ; = 81.
(B211)

Therefore,

I,(Q1 : R) <I,(0: : LR) < 2S(o1p) <25, (B212)

Here, I,(A4 : B) is the mutual information between subsys-
tems A and B for state o. The first inequality comes from
the data processing inequality for mutual information, and
the second uses /(4 : B) < 2S(op) for arbitrary o. Let
p := $Lr. Because the recovery map D acts only on 0,03,
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the registers Q) and R are untouched, so

L,(01 : R) =1,(01 : R) < 26,. (B213)

Expanding mutual information and using that p is pure, we
obtain

S(pg,) + S(pr) < S(pg,r) + 281 = S(pg,0,) + 241
< S(po,) + S(pg;) + 281, (B214)

where the last step uses subadditivity. Repeating the same
argument for O, gives

S(pg,) +S(pr) < S(pg,r) + 282 = S(pg,0,) + 28>

< 8(pg,) + S(pg,) + 26,. (B215)
Adding the two inequalities yields
25(pr) < 25(pg,) +2(81 + 82). (B216)

With S(pr) = k and S(pp,) < |Q3] = n — 2t, we obtain

8148 >2t— (n—h. (B217)
Substituting (B211), we have
Loty dztn=h=e (B218)
2 8k
|

Based on Lemmas B3 and B4, we prove Theorem B2 as
follows:

1
Eceg, = 7 (Eceg, + Eceg,)

€p, + €p, - 2t—(n—k)—e_1

=K
¢ = 8k

(B219)

APPENDIX C: ANALYSIS FOR 1D BRICKWORK
CIRCUITS

In this part, we prove that the decoupling can be
achieved by 1D log-depth brickwork circuits. We start
with introducing preliminaries, which discuss how to eval-
uate tr O, ®%(0,) by transforming it into a stochastic pro-
cess. Then, we present the main results of the decoupling
theorem for 1D brickwork circuits and prove Theorem 2.
Finally, we apply this decoupling theorem to quantum error
correction and show that there exists a constant thresh-
old for encoding schemes with such circuits against local
noise. Note that here we prove the result for a generic local
dimension gq.

1. Random quantum circuits to stochastic processes

Here, we show how to evaluate tr O, CD% (O)) by trans-
forming it into a stochastic process for certain observables
O; and O, which lays a foundation for further analyzing
the decoupling error. The evaluation is equivalent to eval-
uating a statistical-mechanical partition function. Most of
the analysis is similar to that in Ref. [32]. Nonetheless, in
Ref. [32], O; and O, take specific forms of |17)(1"|%2,
which makes the boundary condition in the statistical-
mechanical mapping easier. For general operators O; and
0,, the boundary condition is more complicated, and a
more refined analysis is necessary.

We first evaluate ®%(0,). By definition,

z(0)) = Ey-c U20,U™?, (C1)
where
U= Uf:?» Uif<:—11)> T U,(ql()n- (C2)

We would like to evaluate terms like E,US*OUT®*. Also,
U% is a Haar-random gate of dimension ¢°. Inserting
random single-qudit operations before all two-qudit gates
does not change the expectation. Thus, we further consider
the random unitary operation of the following form:

U= U% Uils<:f> o Uff&) ® U(i_} . (€3)
i=1

Here, Ufl_} 7 is a random single-qudit operation with dimen-
sion ¢ X ¢ acting on qudit i. It is worth noting that when
analyzing 1D brickwork circuits, we also insert a ran-
dom single-qudit operation @', UE; " before the random
two-qudit unitary operations within Eq. (2).

We continue the analysis by evaluating the actions of
each part within U. The action of ®’_, U{;” on O; can be
evaluated by Eq. (51). We obtain that

o (@07 o1 (@17
i=1 i=1
1

"

n n
tr| O ®g;,j ®yj. (c4)
yelr.sy Jj=1 j=1
Here, y; is the jth component of ¥ and equals identity
operation [ or SWAP operation /. The term g, =1 — q'F
if y, =1, and g, = F —q~'Tif y = F. The vector y is
called a configuration, corresponding to the spin configura-
tion is the statistical-mechanical mapping. For simplicity,

we denote c7(01) = (1/(¢> = D" tr(01 Q;_, g,,) and
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use y to represent ®]'.':1 y; in the above equation. That is,

e (®077) 01 (@14
i=1 i=1
= Y Oy

yE(LF}"

(©5)

The next step is evaluating the action of a random two-
qudit gate UX?,.) on y, which was previously studied in
Ref. [32]. Since A® only contains two qudits, it suffices

MY OG0 ARDm) =050 A D) 0,
MO0 ® (FQF)0) =058 (FQF) 0,

M(l)(

MWOM®W®MM—O»®(

40 ® (H®F)A(l)) - AW ® (

to analyze how v

' acts on y within support 4. Denote

MP0) = Eyo Ui;szzOU%@z we have that
() Ly — 4 *F
M (O) = U’A(i) Oq4—_1 ]IA(:')

— q_2HA<i)

' Faa) .
+ tl‘A(;) 0—q4 — 1 FA(t). (C6)

Particularly, we consider that Oequals IQ [, I ® F, F @ 1,
and F ® F within support A®). We have that

(C7)
(C8)
ﬂ@hm+q W®FM0 (C9)
(H & )A(l) + = q (F ®F)A(l)> (CIO)

Here, O— only has support outside 4. From the above equation, we obtain that if O € {I, F}", then M (0) e {I, F}".

A

Particularly, M is a linear transformation over {I, F}", and we use M;f;; to denote the matrix element such that

MGy = Y M. (C11)
vell,Fy"
Suppose A? = {a;, b;}, the matrix element Még satisfies
1, ify,, =y, andy =V
. q .
= ¥+1,ﬁ%ﬁﬂ%ﬂm=%prQ=WNC€M“%@L (C12)
0, otherwise.

It can be seen that each action of M@ maintains the configuration  with weight 1, or flips one term in ¥ with weight

q/(¢* +1). Thus, d% (O1) can be expressed as follows:

q>%g(01) y VIORN V(©) Vi)

ye{LF}"

>

=GO, . 7)efLFyr+h

> oy

ye{LF}"

= D> GO MPMDF)

c50 (07 l_lMﬁ?,)y(, b (C13)
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Here,I' = (@, ..., ¥®) is called a trajectory, which is a
sequence of s + 1 configurations. We also use I'; to denote
its ith component. Here, I'; = ¥~ Furthermore,

tr(0,9%(0y)) = Zwmght(F)cy«» (OD1(0:7")

= > weight(M)c; 070 (01,0), (Cl14)
r

where

Welght(r) = ;l()l) S(i—1)»
i=1

;056 (01, 02)

(C15)

n
1®g ot oQy"
j=l

(C16)

(q - 1)”

When  0; = 0, = |1")(1"|®2, ;050 (01,02) = 1/
(g + 1", which is the case studied in Ref. [32]. By map-
ping {I, F} to {+1,—1}, a configuration y is a spin vari-
able, and the trajectory I' is a two-dimensional Ising spin
configuration. Correspondingly, tr(O,®%(0))) is mapped
into a partition function of a classical Ising spin model,
which is a weighted summation of different trajecto-
ries. For each trajectory I', the total weight depends on
two terms. The first one is weight(I"), where the value
depends on the whole trajectory. The second term is
O35 (041, 0,), and the value only depends on the ini-
tial and ending configurations of the trajectory. Note that
weight(I") is always non-negative since the matrix element
M E'(),) S-1) is always non-negative.
For further analysis, we write

tr(02 @z (01))
Z ;050 (01, 02) Z weight(I"). (C17)

7O 5 rMyOyp©

Here Zr\f(o)y@) takes the summation of trajectories that

start with ¥© and end with y©. In the following, we
denote Z;0) 50 = Zr\yw) ) weight(I') and evaluate this
term to analyze tr(02d> (01)). We start with analyzing
weight(I") with the method of random walk.

Given a fixed set of supports {41V, 4P ... A®}, the
action of [],_, M® on a configuration ® results in a
length-(s + 1) random walk T" over {I, F}". The initial
location of the random walk is a fixed configuration, 3 ©,
and at time step ¢, the location transitions from 7“1 to
y®. The configuration after step 1 may not be fixed. Based
on Eq. (C12), the transition must follow the following rule:

the configuration is unchanged from =V to y@ if the
operators of 7“1 within support A® are I T and FF; there
is an identity operation flipped into a SWAP operation or
a SWAP operation flipped into an identity operation if the
operators of =1 within support 4? are IF and F1, and
the probability of each case of flip is % If the configura-
tion is unchanged, the contributed weight of this transition
to weight(I") is 1, and if there is a flip, the contributed
weight is ¢/(g*> + 1). As a result, weight(I") depends on
how many flips within trajectory I'. That is,

q #FT
q2+1> ’

where #FT is the number of flips within I'. It can also be
written as

1 #ET ) #ET
weight(I") = (§> <q j{ 1)
Zq )#Fr
P+1)

where Pr(I") = ()T is the probability of trajectory I' in
this random walk.

To calculate Z;056), We need to count all trajectories
satisfying the transition rule and require the start and end-
ing configurations to be @ and ), respectively. Then,
we obtain that

weight(I") = ( (C18)

= Pr(I) ( (C19)

Zyope = »_ weight(D)1p _solp  _50.  (C20)
r

Here, 1, is the indicator function, which equals 1 if 4 is
satisfied and 0 otherwise. Using Eq. (C19), we have that

2q #IT
Zz 050 = Er <—) Ip ;olp  —;0. (C21)

¢ +1

Note that the weight of a particular walk or trajectory in
the above random walk relates to the number of flips during
the walk, which brings challenges in evaluating its value.
To tackle this issue, we turn the above unbiased random
walk into a biased random walk. In the original unbiased
random walk, the flip has an equal probability from I to F
and from F to I. In the new biased random walk, we set the
probability from I to F as 1/(g*> + 1), and the probability
from F to I as ¢°/(¢* + 1). Accordingly, we can modify
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the form of the weight of a trajectory into the following:

weight(I")

_ q #ET
7 +1
g #rF g #rE=1
_<q2+1> (q2+1)

— F—1
_( 1 )#F% F( 7 >#Fr q#FPFf#Fﬁ*H
- 2 2
q*+1 q* +1
~ =) | _|50)
— Brmyg7 Y, (22)

where #FF is the number of flips from I to F within
I, #F ff ~1'is the number of flips from F to I within I, and
Pr(D) = (1/(% + )" (¢*/(g? + 1)"T " is the prob-
ability of trajectory I in the biased random walk, and |y |
is the number of SWAP operators in ?. Then,

Zf(O));(s) = Zweight(l‘)lrlz);(o)lrmz};(s)
r

= Z ﬁr(r)q|)7(s)|_|)7(0)|lrlzﬁ(o) 1FS+1=}7(y>
r

From Eq. (51), we have that

" — g "F"
tr OchIz-Iaar(Ol) =tr 02 (tr (01 ﬁ) I +tr (

7 (s)

=(0)| ~
Y
| ‘Erlr]:;w)lrm:;@

7 (s)

Ol 50 S 5oy,

(C23)

Here, I~E1“ represents the expectation over biased random
walk, and Pr(I" : 7©@ — 7 ©) represents the probability of
this biased random walk transitioning from ® to 7.

For an infinite-size circuit or s — o0, the final configu-
ration of the random walk can only take I” and F" since
they are the fixed points of the biased random walk. It was
found that in this case the probability of 7 transitioning
into I" or " only depends on the weight of %@ or [y©|
[32]. The concrete values are given by

| — 72n+2‘)7(0)‘
Prr 0 >y = —4 (C24)
1 —qg
—nt2p O o,
Pr(l': 7@ — F") = (C25)
1 — q72n

We can use the above results of the infinite-size circuit to

derive the tr O,®3,,.(0)) for the Haar-random ensemble.

This can be used to check the soundness of the derivation.

Fn _ 7n]1n
O_CI) Fn)
gt —1

1
=1 (tr O1I"tr Q1" + tr O1F"tr OoF" — ¢~ "tr O11"tr O, F" — ¢~ "tr O F"tr O,1"),
qe —

(C26)

where [ and F are the identity and SWAP operators between two qudits, respectively.
Based on Egs. (C16), (C17), (C23), (C24), and (C25), we have that

tr 0, ®3,,.(01) = Z ;050 (01, 02) Z; 056

705

= Y 01,008 P EE 50 S o)

705

_|0|~ - _|50|~ -
= Zc);«))ﬂn(Ol,Oz)q )V ’Pr(F p @ =1+ ZC);(O)Fn (01,0,)¢" ’V ’Pr(F VA 20

7O

;o1 —
S Oy OIS
50 —4

—2n+2’)7(0)| ‘
n—\y
T+ Y c;0mm(01,0:)q

7O

—2n+2|)7(0)| g

~<o>‘q

1 — q—2n
70
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1
=2 oy

7O

1
1D

70

1
= ——tr(tr O1I"tr O,I" + tr O F"tr O, F" — g~ "tr O11"tr OoF" — ¢ "tr O F"tr O,1").

q2n_1

In the final equation, we use the fact that

>0 @em=a -,
j=1

70

(C28)

> g

n
)7(0)‘ _ _ —I\npn
Qg0 =@—q)"F"

7 j=1

Thus, our derivation from the infinite-size circuit is in
accordance with that from the Haar-random ensemble, ver-
ifying the soundness of the derivation. In the next section,
we will focus on the 1D log-depth brickwork circuits.

2. Decoupling with 1D brickwork circuits and proof of
Theorem 2

Below, we give the formal proof of Theorem 2.
As shown in Appendix B 1, since B! is a unitary-1
design, we have that

EUHTS»E(USPSRU;) — 12 ® prll

~ .\ 2
< \/ Eutrl (T e (UsPsnUD ) 1 - 3 tr (33)

(C29)
and
~ a2
]EUtr[(IZS’%E(US,OSRU_'s‘)) ]
= trs(Ph: (trr PG FR)) Ty, p)®* (Fp)),  (C30)

4 with the corresponding

1/4 —1/4
TSEUE
and psr = ¢z 1/ PSRk Y4 1n the following, we denote
Osg = trp(pE2Fy) and Ogg = (T ,)®2(F). The follow-
ing analysis is to give the upper bound of tr Osg CIDZL +(OsR).

7 ~1/4 -
where 75y = 0y / Ts_ g0y
Choi-Jomiotkowski representation Tsg = o

tr 01®gy(0) tr(0,I")
j=t "

n
tr | O ®gy4(0) tr(O2F™)
J
j=1

0|1 — *2"*2”7(0)’
POl =4
q 1 — q72n

—2n+2‘;7<0>( g

—lyO|q
q” ‘V ‘ 1_q—2n

(C27)

Note that for 1D brickwork circuits, the random unitary
is denoted as

d
u=J]u" (C31)
=1

Thus, instead of defining ¥ by transforming 7" with
a two-qudit gate U, we define ' by transforming 3~
with a layer of two-qudit gates U'. Particularly, we set 7°
equaling 7 and define M’ such that

M(0) = E, U®*0U®?, (C32)
Then,

®L(Osp) = M*---M*M" | D ¢;(Os0)7

yelLF}"

= > cpOs)M! - M*M'(7)

ye{LF}"

d
= > cy0(Os)P [ [ Miisios

F:()_}O ’’’’ J'}d)e{ﬂ’F}nx(dJrl) i=1

(C33)

Here, I' = (°,..., 7% is called a trajectory, which is a
sequence of d + 1 configurations. Note that we view M' as
a transfer matrix as follows:

M) = Z M. (C34)

De(LF)n

Correspondingly,

tr OSEqDZL;{(OSR) = Z weight(I')¢;0 56 (Osr, Osg),
T
(C35)

where
d
weight(M) = | Mz, (C36)
i=1

and ¢;0 5 (Osr, Osg) is given by Eq. (C16).
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Following the analysis in Appendix C 1, we have that

tr OSECDZEg (OsR) = Z Cs d(OSR, OSE)Z)‘;O;jd (C37)

*Od

where

#ET
“e Z( +1) Ir g0 lr, oy (C38)
l_‘ q

In the following, we will use the domain-wall method to
analyze the above quantity.

a. Definition of domain wall

Given a configuration y € {I, F}", we define the associ-

ated set of domain-wall locations as

DW(y) :={e € (1,2,...,n} : Ve # Ver1}- (C39)
Define g' = DW(y"). The number of domain walls within
g' is denoted as |g|. For a trajectory I' = (7°,...,%%), we
can define its domain-wall trajectory G(I") = (g%, ..., g9).
If weight(I') # 0, then its associated domain-wall trajec-
tory must satisfy the following rule: If there is a domain
wall at location e, and a gate acts on qudits {e, e 4 1}, then
the domain wall must move from e to e — 1 or e 4 1. If
there already exists a domain wall at these locations, the
two domain walls will annihilate with each other. On the
other hand, a pair of domain walls cannot be created from
a vacuum. Meanwhile, due to the boundary condition, the
number of domain walls must be even.

Based on Eq. (2), the /th layer quantum gate Ul only
contains two-qudit gates acting on {2i — mod(/,2),2i +
1 —mod(/,2)}. Thus, the domain walls within g’ must
have opposite parity with respect to /. For a specific domain
wall within g°, it may move or stay still at the first step.
Starting with the second step, the domain wall will keep
moving and survive until the final step or annihilate with
another domain wall during the movement. The number of
domain walls cannot increase within a trajectory.

For each trajectory I', its weight, weight(I") =
(q/(g* + 1) is uniquely determined by its associated
domain-wall trajectory G(I'). Each movement of a domain
wall within G(I") corresponds to a flip. Hence, we denote
weight(I") = weight(G(T")).

A domain-wall trajectory G can always be decom-
posed into two disjoint parts. That is, we define G| =
(g?, ... ,gl) and G, = (gg, ... ,gz) such that

G=GuG =(@glug),....glug), (C40)
where U is the disjoint union. Thus, g/ Ng) =@ for
all /. This decomposition satisfies that weight(G) =

weight(G)weight(G,) [32]. This relation is essential in
evaluating the bound of weight(G).

For each trajectory I', we decompose its domain-wall
trajectory G(I") into two disjoint domain-wall trajectories,
G(I') = Gy U Gy, as shown in Fig. 6. Here, Gy has a con-
served number of domain walls, and the domain walls of
Gy will annihilate before the final step. That is, g¢, = g¢,
and gg = (). This decomposition is unique [32]. In the
following, we separately give the analysis of the upper
bound and lower bound for weight(I") and Z; 0ya. For fur-
ther elaboration, we denote Gy and Gy as the subsets of
domain-wall trajectories without annihilation and without
a surviving domain wall at the end, respectively. Also,
we denote Gy C Gy as the set of domain-wall trajecto-
ries always with £ domain walls. For a 1D periodic circuit
structure, k£ must be even to make Gy # 9.

b. Upper bound of Z;054

In this part, we derive the upper bound of Z;o;4, pre-
sented in the following lemma.

Lemma CI. Given the set of trajectories I" with initial
and final configurations as y° and y¢, we divide these
trajectories into different sets with fixed Gy,

S% = {I'|G(") = Gy u Gy). (C41)
Given the domain-wall trajectory Gy with initial
configuration g?] = {e?,eg, .. .,egko_l,egko}. Here, 2ky =
|DW(y9)| is even. Denote E0yy = {1,...,e0,ed +1,...,

e, ... ,egko +1,...,n} and EO,, = [n\EY}, = EX,;. We
also denote y,4 as the component of y within support 4,
and denote |y, = F| and |74 = 1| as the number of SWAP

and identity operators within y4, respectively. Then,

=0 =d =0 =d
- =Y *‘V =Y ‘
PO e Py

d-1)|pwEd
Zyoza <0 ol
G
(C42)

Here, we denote F = I and [ = F. And n = q/(¢* + 1).

Proof. Recall that

Zj050 = Zwelght(mFl ol pd (C43)

The summation is over all trajectories from 7° to ¢ with
nonzero weight. Note that weight(I") = weight(G(I")). We
can analyze the domain-wall trajectories of all I" for evalu-
ating the weight. Note that I" has a fixed ending config-
uration 7, implying that G(I") also has a fixed ending
point DW(y¢). Following the analysis of the previous sub-
section, the domain-wall trajectory G(I") can be uniquely
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FIG. 6. Diagram for the domain-wall trajectory decomposition. The total qubit number is 17 and the circuit depth is 7. The first
figure is a trajectory I with corresponding domain-wall trajectory G(I"). The number of domain walls within G(I") does not conserve.

G(T") can be decomposed into two disjoint domain-wall trajectories, G(I') =

domain walls of Gy annihilate at the final depth.

decomposed into the disjoint union of two domain-wall
trajectories Gy and G such that g, = DW(y?) and gg =
¢ After the decomposition, we determine and denote g,
as the initial point of the domain-wall trajectory G. Note
that Gu € Gy, pwya)| and |gg| = |gf)| = [DW ().

We then divide all trajectories I', equivalently, all G(I"),
according to Gy. Particularly, we define the set of trajecto-
ries with fixed Gy,

S5 = {I'|G() = Gy u Gy). (C44)

Given a fixed 3¢, the number of distinct Gy, or different sets

S§ is upper-bounded by 2d’DW(yd)‘ . For each domain wall e
inside DW(y?), moving it forward only has two directions.
Moving it back to the first layer only has 27 choices. Since
there is only |D W(?d)\ domain walls, moving all of them

Sd
back to the first layer only has 2d|DW(y )‘ options, which
gives the upper bound of the number of distinct Gy and

S§. Then, we have

Zyo)jd = Z Z Weight(r)lrlz};(O)lrd+1:}7d.

G G
Sy TeSy

(C45)

Below, we analyze the bound of ) ._ 56 weight(T").
For each trajectory I', we have G(I') = Gy U Gy. Since

Gy U Gy. Gy always contains two domain walls, and the

there is no annihilation of domain walls within Gy,

the number of domain-wall movements is at least (d —

1)|DW(* S . (d—l)|DW(}7d)‘
y%)|, implying that weight(Gy) <n

with n = ¢/(¢*> + 1). Thus,

weight(I") = weight(Gy)weight(Gy)

< p@-vlpwd)

weight(Go) (C46)

and
@-D|pw

gl 3" weight(Go). (C47)

G
FeSy

Z weight(I") < n

G
FeSy

The following derivation is to further evaluate the
upper bound of ) . sG weight(Gy). Given the domain-

wall trajectory Gy w1th initial configuration gU and
ending configuration gl =DW(y?), we write gi, as
{el,é), ... » €4 1,eZkO} Here, 2ko = [DW(7%)| is even.
We denote the support E',, ={l,...,e\,e5+1,...,
ooy + 1 n) and Ef, = [M\Eyyy = Eyyq as
demonstrated in Fig. 7. We also denote y, as the com-
ponent of y within support 4, and denote |y, = F| and
|74 = I| as the number of SWAP and identity operators
within y4, respectively. We prove the following lemma.
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FIG. 7. Diagram to show the supports E’ ;, and E.

ven

Lemma C2. If )7{"{} =1,

— }70 :F‘— )70 =1
Z weight(Gy) < g ‘ Eoaa ‘ Even ‘ (C48)
Fesg
if )7{‘{} =F,
— }70 —=I|— )70 _F
Z weight(Gy) < ¢ Eoaa Edven ‘ (C49)

G
Fesy

Proof. For T' € S, Gy within the decomposition of T’
is fixed. After fixing Gy, we can separate Gy into |DW()7d) |
regions.

In step i, the jth region is defined as R} = {e} | +
l,e]’;1 +2--. ,e}}. And we divide g}, € Gy into the union
of its parts in different regions, g}, = g6|Ri1 + g(i)|R§ +t

L.
gO|RI|DW<7d>|
union of all R} across different steps. Correspondingly,
we can decompose Gy into the disjoint union of tra-

VR , W)
jectories in different regions: Gy = |_|

Gj0 = (gg |qu,gé |R]_1 yens ,gg|Rj,_1). An illustration of regions is
demonstrated in Fig. 8.

. In the overall picture, the region j is the

G]O where

=}
4

-
M)
w
&3

IS
pe}

=

Q
G

within G. We also draw Gy on the right as a reference.

W)

Since Go = ||;_,

G{), we have that

W)

weight(Go) = ] weight(G))
Jj=1

(C50)

and

o)

> weight(Go) = [[ ) weight(G)). (C51)

I‘eSLG/ Jj=1 F‘Regionj

In the following, we will derive the upper bound of
Z”Regionj weight(GJO). Since the domain walls within G

annihilate in the end, ¥ must be the tensor product of
all identity operations or SWAP operations within a region.
Depending on which case holds, we call this region a type-
I region or a type-F region. If Region j is a type-I region,
we will show that

S0 _
VR0= ‘
J .

S weight(G)) =g (C52)

r |Region J
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FIG. 8. Diagram of separating a trajectory into two regions.
If Region j is a type-F region, we will show that configurations also increases. Thus,
) > weight(G)) < Y weight(G)).
4 —|7%=1 , ,
Y weight(Gy <g |V (C53) I oo IRegion T IRegion

r |Regionj

We first focus on the type-I region and prove Eq. (C52).
An example of a type-I region is shown in Fig. 9.
It is Region 1 in Fig. 8. Given this region, we first
extend it to a wider region. Particularly, we define €] =
min;eo,1,....4) e}, €™ = maXe(o,1,....4) e}, and R; = {ejr-",ml +

L™ +2,...,¢}. Then for each configuration Vilgis
J

we extend it to )7 a g, by filling the extra components with
identity operations. Region j is correspondingly extended
to Region j’ as shown in Fig. 9. By extending the region,
we make sure that the configurations of different steps have
equal length. Also, since we extend the region, the number
of valid domain-wall configurations within the new region
can only increase. Thus, we have

Z weight(G{))f Z Weight(Gg).

1ﬂ‘l{egion_/

(C54)

1-‘/|Regionj

Also, the above trajectory is induced by 1D depth-d brick-
work circuits. If we consider all trajectories induced by
infinite-size circuits, the number of valid domain-wall

(C55)

For the extended configurations, using Egs. (C23)
and (C24), we have that

-0 72n+2‘170‘
. i _/|ei0n':F1_
¥ weignich =g I
Fi,nf|Regionj
—17"° |Region i = =701 0=F
< q 'V |Reg10nj F‘ —q R]o )
(C56)
Hence,
. i _‘PO‘R(’:F
> weight(Gy) <q | 7 (C57)
1—‘|Regionj

Similarly, an example of a type-F region is shown in
Fig. 10, which is Region 2 in Fig. 8. Similar to previous
arguments, for each configuration y'|, we extend it to

J

;’il g; by filling the extra components with SWAP opera-
tions. Region ;j is correspondingly extended to Region ;'
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FIG. 9. Extending Region 1 to Region 1’ by filling the extra components with identity operations. The configurations in the new
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as shown in Fig. 9. Then, we have

Z weight(G{))f Z Weight(Gg)

r |Regionj l_‘/|Regi0nj
. /j
< E weight(G))
r,{,!/'anRegionj
-0
- 2‘}’/ [Regi ':H‘
0 egion j _
*‘}// |Regionj:]1‘ q —dq n
1 — q—2n
-0
— ’ —
' lgo=T
=q /
- ?OlRQ:H
=q Y (C58)

Hence, Egs. (C52) and (C53) are proved. Combining
these two equations with Eq. (C51), we obtain that

— |70l 0=F — (701 0=L
Y weight Gy < [[a! % T[] al "
e 88 J:type-I J:type-F
(C59)
When )7{”{} = I, Eq. (C59) reduces to
—17% =F|-|7% =1
3 weight(Go) < g | fous | [ben ‘ (C60)

G
FesSy

J

When ?{dl} = F, Eq. (C59) reduces to

—17% =1-|7° =F‘
. E E
> weight(Go) < ¢ | o (C61)
res§
Proof is completed. ]

Applying Lemma C2 and Eq. (C47) to Eq. (C45), we get

S0 _Zd |_|50 Sd
_ =d 1Yo =V{1] _‘V 0 =V{1}‘
Zia <Y n b|pwd) g | e 1]
sg
(C62)
Note that we denote F = Tand [ = F. |
¢. Proof of Theorem 2

Applying Lemma C1, we get the upper bound of
tr Osg d>2£ 2(Osgr). Recall that

tr Osg 7 (Osw) = > " ¢5054(Osr, Osp)Zzo5a,  (C63)
fofd

where

¢;054(Osr, Osg)

1

n n
= mtl’ OSR ®gyj(0) tr OSE ® ]/j(s)
j=1 Jj=1

(C64)

Note that Ogsg = trr(PeeFr) and Osg = (’]?L_) &% (Fr). Below, we utilize the tensor-product structure of

psrs sk = @, psiz,- Then, psr = QL Ps;r; and Osg = Q| Os;z,. Since tr(Osr,g1) = tr(Py) — ¢ 'tr(F5 ) >

0 and tr(Osrgr) = tr(,BgiRi) - q_ltr(,?)%l_) >0, we have tr(Osr ®J'7:1 gy(())) > 0. Meanwhile, tr(OsgF4®1;) =
/

g*"trag(tr;Tsp)? > 0. Thus, we will always have ¢;054(Osg, Osg) > 0. Then,

tr OSEfbig(OgR) = Z C?O}jd(OSR, OSE)Z?O}'}d

yoyd

= Z ¢;054(Osr, Osg) Z ,,<d—1>|DW(a7d>\q*

)70)754’ SG

05 Qv | > n(d—1>|DW(f‘l> g

=0 ~d
14 =Y, ’
Egven m

=0 =d
Y0 TV
Eodd

=0 ~d
g =V
Egven n

Y
—1Y.0 =i
EQgq M

Jj=1 s§
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(- 1)‘DW(“d) n B PC7 I PR
0 =Yy TYgo =V
=X ey I OSR®gy tr| 0w @y | ¢ o Tt
?d’SU j=1
(d— 1)|DW()7d) n o e ' _F‘ 0 _plls —]1‘
0 =Yg = Vo = =
S o L T B (- |
DW(74),58 j=1
- trOsgl0 Foo trOspla F trO]IFtrO]IF)
Z ( SR Egdd Egve" SE Egdd Egven + SREEQ EY SELgd ad
DW(Fd),s§
_ _ d—1)|Dw 4
=gq 2 (tI’OSR]IntI‘OSE]In+tI‘OSRFntI'OSEFn) +q 2 Z )7( )‘ ¥
|Dw ()| e{2.4,...21n/4]}
X XG: (tI‘ OSRHEgddFEgve“tI' OSE]IEgddFEedven + tr OSRHEgvenFEdetr OSE]IEélvenFEffdd) . (C65)
Sy

Here, I, and F 4 means identity and SWAP operations on the support 4 The last inequality comes from Eq. (C28). Note that

g 2" tr OspI" tr Ogell" = tr(T2) tr (03), (C66)

q 2 tr OspF" tr Osp F" = tr(T3) tr (D2g). (C67)

Also,

max(q trOSR]IEd FEd trOSEHEd FEd )

even EO Ed even

tI‘OSR]IEO F
trOSR]IEo FEo tr OSEHEd FEd < max —even

tr Ogrll Ed Edven

,EO

even

Ed

even

trp SiR; trp R; ~ ~
= max ~ T max (trag (tr ;0sr)> trar (tr;7se) %)
ie[n] \ tr PR, tr D5 R, AC[n]

< max
i€[n]

wR. R dlpw)|
SiRi Ri ~ 2 g 2

, —— max (trar (tr; osr)* trag (tr ;7sg)”). C68

(trﬁ}éi tr;)gi,e,) Hegn ARVTAPSRY TAETLATSE (C68)

Similarly,

d|Dw(p9)
(tr'agiRi trﬁ%i ) ’

—2n ~ \2 ~ \2
tO]IFtOH Fa < , t tr; trag (try . C69
q "t Osellgy, Fro, rOselpg, Fira = max | — P 5§,-R,- Egg](rAR( 1PsR)” trAE(tr;Tsg)”) (C69)
=d
Note that |Sg| < 2d|DW(V )|. Then,
d—1)|Dw(7?
tr Ose @24 (Osk) < tr(ED) tr(B}) + tr(3y) r(Blp) + > gl
|[DW(Fd)|el2.4....2(n/4]}
d|Dw)
X (20m) ‘ 4 ’maX(thR(thPSR) trag (trjTse)?)
[n/4]
< tr(rE) tr(,oR) + tr(rSE) tr(,oSR) + max(trAR(trA,oSR) trAE(trATSE) Z (Zk >((2,0m)dn(d_1))2k°),
ko=1

(C70)
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where we denote p,, = max;cp, (tr,B%i &/ trpg.» ttog. /trpg ) for simplicity. In the following, we analyze the coefficient

Ln/4]
c=). (2',1(())((2%)%“—“)“0. (€71)

ko=1
From Ref. [32], coefficient ¢ has an upper bound,

[n/4]
n d_ g
c=) (2k0><(2pm>dn<d“>)2"° < Q2pw) T, (C72)

ko=1
where
logn  log(e —1)

d' =
log 2%7 log ﬁ

+ 1. (C73)

Recall that we choose depth d such that d — d* = log(n/e) = O(logn). In the large n limit, 77(2,0,,,)% < 2np, + § with
8 an arbitrarily small number. Then,

n log %
¢ = Qo+ )t = (5) 7T (C74)
n
As a result,
" e 10g+ ~ ~
tr O @y (Osp) < r(ED) tr () + () ) + (=) 77 max (i) ae(irifse) ). (C79)
& 10g+ - -
EullZs— e (Uspsr UE) — 1 ® prlli < \/tr(%’szE) tr(pdg) + (;) Home Eé%)f](trAR(trjpSR)z trap (tr;Tse)?). (C76)

Note that Bsg = @7, Ps;r, and Pz, = {1;1/4/)51.;31.{1;1/4. We can choose (g, = pg, OF g = pg to let

i

w(@3) = 1 te(ply) =2 2 s (C77)
Thus,
trar (trjosr)? = trar (Pag) = 27 2UIRAAR (C78)
and
Pm = 52%(2”2 Cilfnsin; =R Dnsie; ) (C79)
Also, we can choose og = 1 such that
tr(Te) =1, tr(Tey) = 2716w, (C80)
In this case,
trag (triTsp)” = trap(Thp) = 27 2UWPme, (C81)

Then, for any § > 0, we have that

e log L~
EU||7.—S‘—>E(USPSRU_Z‘) —1EQ prlli < \/2H2(SE)’SEH2(S|R)"SR + (—) omES ax 2 AR R AIE) - (C82)
n AC[n]

In the description of Theorem 2, we omit § for simplicity. Proof is completed.
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3. Application of Theorem 2 in quantum error correction

Here, we present the results of applying Theorem 2 in quantum error correction and show that the encoding scheme
induced by B can have a constant threshold against local noise.
For the quantum error correction task, there are nR physical qudits in total. We first fix the encoding rate R = k/n,

where R is a constant. Then, we set the local dimension ¢ as 2R~ composed of R~ qubits. The total qudit number is
correspondingly changed from # to #R. Since R is a constant, the local dimension is still a constant. Then, each S; is a

qudit with local dimension 27! , and R; is a qubit. Without loss of generality, the state g, is set as ‘(f))((]s‘ ® |0) <0|R7171
where ‘q3><¢3‘ is an EPR pair. Then, H,(Sj|R;) = —1,n = 21rl/(221r1 + 1), py =2, and

1 B 22R*1 +1 B 22n/k+1
20p,  2R7I2 on/k+2

> k=2, (C83)

Meanwhile, we consider local noise. The channel Zs_, g will be the complementary channel of local noise, Zs_.p =
N®"_1In this case, the decoupling theorem can be simplified to

Eyg~me 15— £ (Uspsr UL — 12 ® prlly

<

where  Hy(Si|E) v, = RN —f())

o LI o SilEes g~ Y0 o SR ps, (

with  f(p) = 2log(/pr + /Px + /Py + /pz)  for

R
log o 1 7 _ R _ AR
) nPm | | maX(l, 2 H2(S1|EI)TS1.E[ H2(S1|R1)PSI-R,~ )’

i=1

(C84)

strength-p  local

Pauli noise, H, (Si|Ei)rs,- 5= R7I(1 —log(1 +3p)) for strength-p local erasure error, and FH, (Si|Ei)rs,- 5=
—R™! 1og< 1/2—-p)+.p/2— p)) for strength-p local amplitude damping noise.

For local Pauli noise,
Hy(SH|E)eg, + Ha (SR g 1

- - k
=R'0-f@)—1=R" (1 —f®) - ;) :

(C85)
When 1 —f(@)—k/n>0, the term  max(l,
27H2(S"|E")Tsi5i7H2(S"|R")”SiRi) < 1. It is also true for local

erasure error when 1 —log(l 4 3p) —k/n > 0 and for
local amplitude damping noise when — log (1 /2—p) +

Ny —p)) —k/n > 0.

Note that the expected Choi error satisfies

Eyg~mg€choi < \/EUSN%,% ||73—>E(UsPSRUTg) — 75 ® prll1-
(C86)

We obtain that the Choi error is upper-bounded by

1
. n_2\ 4
Eyg~mg€cnoi < (2_"(1_/(”)_15) + (%)k ) (C87)

(

for strength-p local Pauli noise, upper-bounded by

1
1o\ %
Eyg~mg€cnoi < (2_"(1_l°g(1+3”)_5) + (%) ‘ > (C88)

for strength-p local erasure error, and upper-bounded by

1
—n(—log( L+ /22 )k eNE2\*
Eug~mg€choi < <2 o2 ) ) + (—)k )

k
(C89)

for strength-p local amplitude damping noise.

To let the Choi error vanish, we need to ensure
n/k —2 > 0. Thus, we show that there exists a thresh-
old min(%,l —f(p)) for local Pauli noise, a thresh-

old min(%,l — log(1 + 3p))) for local erasure error, and

a threshold min(%, - 10g<1/(2 —p)+/p/2 —p))) for
local amplitude damping noise. Moreover, by choosing
appropriate parameters, (&/ k)i =2 will polynomially decay
with 7.

For strength-p nearest-neighbor ZZ-coupling noise, we
apply the original Theorem 2. Similar to the analysis in
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Appendix B 9, we obtain that

Hy(A|R) p\, = — 4], (C90)
HyIE)ey = R 141 [l =201+ R log (VT = p + )|
(C91)

Thus, when H,(A4|R) 4+ Hy(A|E) > 0, or equivalently, 1 —
R—2(1+R)log(v/T—=p + /p) = 0, we have that

Eyg~m¢ €choi

1
< (2—n<1—’;—2<1+5>log(ﬂ+ﬁ)) n <%)’f2>4 _
(C92)

Hence, the achievable encoding rate for B is 1 —2(1 +
k/n) log(./l —p+ ﬁ)

Note that the above analysis also applies to the case
of local dimension 2. In this case, the total number of

qubits is n, and each state pg,z, is defined as (k/n) ‘(ﬁ)((f&‘ +
(1 — k/n) |0X0|. We then have H,(S;|R;) = —k/n, while
H,(S;|E;) depends on the noise parameter, typically tak-
ing the form 1 — f(p) for local Pauli noise. With n = %

k o .
and p,, = 2n, substituting these values into the decou-
pling theorem yields the same bound, except that the factor

(e/k)"/¥=2 is replaced by (g /n)l°e i =k/n,

APPENDIX D: LOWER BOUND FOR CIRCUIT
DEPTH IN AQEC

Here, we analyze the lower bound on the circuit depth
required for a unitary encoding of k logical qubits that
achieves a Choi error €cpoj. For the 2k-qubit maximally
entangled state ¢A>LR shared between the reference system
R and the logical system L, where both L and R consist
of k qubits each, we denote the ith qubit in L by L;o and
the qubit in R that is maximally entangled with L; o by R; .
We define the physical system S as the union of L and the
ancillary system initialized in the state ]0”"‘).

Consider a unitary circuit U of depth d acting on S,
decomposed as

-1l

i=1

(D)

®I/l,] >
J

where each {V;;}; represents the set of two-qubit gates in
the ith layer of U with disjoint supports. For each layer j,
where 1 <j <d, let L;; denote the union of the supports
of all two-qubit gates that intersect with L;; 1,

Liy = {supp(¥y) | supp(Vij) N Lij -1 # 0} . (D2)

In other words, L;; represents the light cone of the ith qubit
in the firstj layers of U.

Similarly, we define the backward light cone of the ith
physical qubit, i € S, recursively as

Bi,d = {l}a
Bij = U {supp(Vij41) | supp(Vij 1) N Bij 11 # B},
0<j<d.

(D3)

By the definitions of ;; and B, ;, for any logical qubiti € L
and physical qubit k£ € S, the qubit £ is included in L; 4 if
and only if the logical qubit i is included in By.

Finally, we define M as an upper bound on the size of
all light cones,

M = max (max |L; |, max |Bi’0|) . (D4)
iel ieS
With this definition, we can establish a lower bound on

the number of physical qubits in L that have disjoint light
cones, as stated in the following lemma.

Lemma DI (Disjoint light cones). For any unitary cir-
cuit U = ]2, (®] V,-J), there exists a subset J C L such
that:

(1) For any distinct qubits i,j € J, their light cones are
disjoint: Lig N L; 4 = .
(2) The size of J satisfies |J| > [k/M?].

Proof. We construct the set J iteratively. Start with an
empty set Jy = ). At each step a, assume we have a set
J, with disjoint light cones. Define L, s = .., Lia, the
union of the light cones of qubits in J,.

For a qubit j € L, the condition that L; ; does not
intersect with any L, 4 for i € J,,

ieJy

LiaNLjqa=9, (D5)

is equivalent to

j ¢ U Bm,()'

meLy, 4

(Do)

Since each L; ; has at most M qubits, the size of L, 4 is at
most |J,|M. Consequently, the set B,y 0 has size at
most |J,|M?2.

If k> |J,|M?, there exists at least one logical qubit
ieL—J, such that i ¢ UmeLJa,d Byo. We can then add
this qubit to J, to form J,.; = J, U {i}, maintaining the
property that the light cones of qubits in J,;; remain
disjoint.

This process continues until k£ < |J,|M? = aM?. There-
fore, the final set J, satisfies that the light cones of any two
distinct qubits in J are disjoint, and |J,| = a > k/M?*. R

mELJa,d
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Proof of Theorem 4. We now combine Lemma D1 with
the properties of depolarizing noise to analyze circuit lower
bound. Recall that the Choi fidelity is defined as

Fehoi = mng(dSLR, (Do N olU)($rr)). (D7)

Here, and in the following, we omit the identity chan-
nel /rx on the reference system. The encoding channel
U maps a state p on system L to another state U (p) =
Ulp® |O"*k)(0”*k |)m on system S. The noise channel

represents i.i.d. local depolarizing noise on system .S,
specifically N = N5, where N5 = ®,.¢ N and )" is
the strength-p depolarizing channel acting on the ith qubit.
The recovery channel D maps a state on system S back to
a state on system L.

Consider the subset J obtained in Lemma D1 under the
strength-p local depolarizing noise defined in Eq. (36). For
a single qubit i € J, the probability that all physical qubits
in L; 4 are traced out and replaced by the maximally mixed
state is p; = p'Fidl > pM_ Since the light cones of logical
qubits in J are disjoint, the events that these light cones are
traced out are independent. Therefore, the probability that
none of these light cones are fully traced out is

PNone = 1_[ (1 —P‘Li’dl) = (1 —PM)W = €Xp (_|J| 'pM) .
ieJ
(D8)

J

The second inequality utilizes the bound (1 —x) <e™™
for 0 <x < 1. This probability provides a lower bound
for the Choi error, as later obtained in Eq. (D17). To see
this, consider the Choi fidelity under the local depolarizing
channel,

Fenoi = max F <<13LR, Do Nj
x [ U (due @ 040 4]) U] ]).

Expanding the state after passing through the noise chan-
nel A3, with probability 1 — pnone, the noise erases all
information in at least one of the L;; systems for i € J,
replacing it with a maximally mixed state. Consequently,
the state after applying the local depolarizing noise is

(D9)

N3 [Ud (‘lgLR ® |0n_k)(0"_k|> UZ] = Zpllﬁl + PNone ¥,
: (D10)

where ), p; = 1 — pnone represents the probability that at
least one logical qubit’s light cone is traced out. Here, the
indices / are used to distinguish states subject to errors on
different subsets of physical qubits. For each 1, at least
one subsystem L, ; with i € J is replaced by the maximally
mixed state.

The square of the Choi fidelity can then be expressed as

Féhoi = mgx F? <¢§LR, Dy, 0 j\/'(f [Ud <¢3LR ® }On—k><0n—k|> sz’])

= IIIZE)D(F2 <‘£LR, Ds_1 [Zpﬂﬁl +PNoneW/i|)

/

= max (‘Z’LR‘ Ds_1 |:ZP11//1 +pNonew/i| ’&LR)
]

= max <ZP1 <$LR‘ Dy, 1 (Y1) }dA)LR> + PNone <¢A7LR‘ Dy (¥ ’&LR))
I

=< max <Zpl <<ISLR‘ Ds (Y1) ‘dA)LR> +PNone> .
I

(D11)

In the third equality, we utilize Eq. (13). The fourth equality follows from the linearity of quantum channels.
Now, consider the quantity (¢rr|Ds_1(¥)|@Lr). Since at least the light cone of one logical qubit in L is fully traced

out, we have

v =Ter [U(dir @ [0 )0 ¥) U] @

I7

S (D12)

for some subset 7 C S such that L; ; C T for some i € L. Crucially, when the light cone L; 4 is traced out, the unitaries
applied within L;; are canceled. Therefore, we can replace the initial state ¢ r with ¢r 1, r—r;( ® HR[.O [2®1;,,/2.

Specifically,
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o R . Ix.
0, [0 (B 040 U] = 0, [0 (Bt 22 @ 0o ) 0 @ 22

Thus, the state 1; in Eq. (D11) can be written as

o I I
¢1=¢1®—T®ﬂ.

where 1/;1 = trrug,, (Y1). We then have

N N I I
<¢LR‘ Dso1 (1/fl ® 2—%) ® %

Therefore, the Choi fidelity in Eq. (D11) satisfies

Fengi < max (Z PRI Dso L (V) |bLr) + pNone>
1

/ 1 3
=< Z% + PNone = Z + ZPNone
1

1

3
< Z+ZeXp(—IJI-pM), (D16)

where the last inequality follows from Eq. (DS).
Recall that 1 — €2, ; = FZ;- For €cnoi < 0.1, we have
exp (—|/] - p™) > 0.98. In this regime, using the inequal-
ity e™ <1 —x/2, we obtain

1 3 || 31
FéhoiSZ'i'Z(l__pM):l__pMa

2 8 (D17)
2 3T v
€Choi = S P
Taking the logarithm of both sides, we obtain
1 3
Mlog| — ) —log(l/]) = log 5 . (D18)
P 8EChoi
According to Lemma D1, |J| > # Therefore, we have

1 3
M log (—) +2logM > log (8 5 > +logk. (D19)
p

€Choi

For a D-dimensional quantum circuit, the size of the
light cones can be upper-bounded by M < (2d)?, since the
length of each edge of the light-cone hypercube is upper-
bounded by 2d. Substituting this bound into the previous

o 174
¢LR> = max o <¢L—L,~’0,R—R,~’0

I
L (D13)
i > (D14)
A Ir\ s 1
Ds_. (W ® 27) ‘¢L—L,-’0,R—R,-’0> < 7 (D15)
[
inequality, we obtain
D 1 3
2d)~ log| — | +2Dlog(2d) > log 5 + log k.
p 8€Choi
(D20)

In the case of an all-to-all circuit, the size of the
light cones is upper-bounded by M < 2¢. Therefore, the
inequality becomes

1 3
2910g (—) +2d > log( 5 ) + log k. (D21)
p 86Choi
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